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SUMMARY 

 
The main objective of this thesis has been to examine the phase 

transformations induced in molecular systems (solids) upon irradiation with 

nanosecond laser pulses. To this end we choose toluene (C6H5CH3), which upon vapor 

condensation at low temperatures, forms a glass of high optical quality. Thus, its 

structural changes upon UV (248 nm) laser irradiation can be probed via optical 

transmission/reflection and imaging.  

We demonstrate that distinctly different structural processes occur in different 

fluence ranges. Irradiation in the ~15-30 mJ/cm2 range results in ‘devitrification’, 

whereas irradiation at higher fluences results in annealed glass re-formation. 

Devitrification-vitrification can be alternately effected by appropriately tuning the 

laser fluence. The capability of pulsed laser irradiation for inducing phase 

transformations in molecular systems provides the potential for high time-resolved 

studies of the dynamics of molecular glasses. In particular, the dynamics of the laser-

induced vitrification/devitrification shows differences from that of the phase changes 

induced in conventional thermogravimetric studies. We ascribe these differences in 

the orders-of-magnitude higher rates of heating and cooling involved in laser heating. 

Most importantly, at higher laser fluences, but still well below the ablation 

threshold, (homogeneous) bubble formation at 60-100ns is demonstrated. The density 

and size of the bubbles increases with increasing laser fluence. However, below the 

ablation threshold, the bubbles eventually decay (at ∼100 -200 ns). In contrast, above 

the ablation threshold, material ejection (plume formation) is observed following 

bubble formation. The observation of bubble formation at fluences well below the 

ablation threshold, in combination with the previous mass spectrometric study of the 

desorption dynamics, demonstrates that ablation is due to explosive boiling. This is 

the first demonstration of melting and subsequent superheating of molecular systems 

in UV laser irradiation which shows that, in the nanosecond case, ablation is due to 

‘explosive boiling’ due to overheating of the film. Most importantly, nucleation is 

observed at fluences/ temperatures well below those indicated by classical nucleation 

theory. This discrepancy cannot be ascribed to the factors/ limitations invoked in 

corresponding studies on liquids (e.g. heterogeneous bubble formation). Thus, bubble 

nucleation/ growth is not quantitatively well described in laser irradiation of solids. 
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Most importantly, a pronounced dependence of bubble nucleation/ growth on 

the structure of the as-deposited solid is observed. This is most surprising given that 

melting should be much faster and, thus, bubble formation should not keep any 

‘memory’ of the solid structure. This result demonstrates that the simple ‘solid to-

liquid-to bubble nucleation-to gas’ model may not be applicable. We suggest that 

nucleation occurs competitively with melting and, thus, provides the means for the 

observed dependence. Tentatively, we ascribe these effects to the sensitivity/ 

dependence of bubble nucleation on the extent of free volume, presence of defects, 

variations in the crystallinity etc. in the solid. 

These studies have been extended to the examination of the phase 

transformations induced in the irradiation of dopant/toluene bi-component cryogenic 

systems, where dopants include (CH3)2O, C6H12, C10H22. Qualitatively, similar 

dynamics as for the neat C6H5CH3 films/solids are observed, however, in their case, 

segregation effects dominate the processes. 

In previous studies of our group on laser ablation of molecular cryogenic 

solids it was found that there is qualitative agreement between the experimental 

results and Molecular Dynamics simulations on these systems. However, this 

agreement has often been questioned, due to various simplifications introduced by the 

simulations. Quantitatively, we find that below the ablation threshold, the activation 

energies of the desorbates are consistent with the energies specified by thermal 

desorption spectroscopy, while above the ablation threshold there is no such 

correlation. However, the temperatures estimated at the ablation thresholds are much 

lower than the temperatures assumed by theoretical models and MD simulations 

(spinodal temperatures). Both results suggest that ablation is due to ‘phase explosion’ 

(i.e., by a process which entails long-scale coherent motions of the atoms /particles of 

the system). We indicate that explosive boiling is the responsible process, entailing 

localized bubble formation at temperatures between the boiling temperature (at the 

external pressure) and well below those predicted by theoretical models. 

 Matrix-Assisted-Pulsed-Laser-Evaporation (MAPLE) has emerged as a highly 

promising technique for the deposition of polymers and biopolymers in 

intact and functional form. However, mechanistic understanding of the 

procedure is still limited. Herein, we examine laser (248 nm) induced desorption from 

condensed CHCl3 solid, which has been employed as potential matrix in MAPLE. In 
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view of the result of the pronounced increase in solid absorptivity, which is attributed 

to the formation and accumulation of absorbing photoproducts, the mechanistic 

difficulties indicated in studies employing multipulse irradiation 

protocols are resolved. A number of additional implications are also 

discussed. 

Finally, a preliminary study of explosive boiling in the UV (248 nm) laser 

irradiation of solutions of polystyrene and metallic nanoparticles of different sizes is 

presented. In this case, bubble formation at 40-100 ns is observed. Bubble formation 

is facilitated in the case of the polystyrene nanoparticles, evidently due to the 

formation of gaseous species by the photolysis of the nanoparticles. 
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CHAPTER 1.  INTRODUCTION 

1.1 LASER INDUCED DESORPTION/ABLATION FROM 

MOLECULAR SOLIDS & THERMODYNAMIC ISSUES 

In the irradiation of molecular solids with highly intense laser pulses, there 

occurs the removal of a significant material amount resulting in the formation of a 

crater (depth from nm to μm) in the irradiated material [1]. This phenomenon has 

been named (pulsed laser) Ablation. Despite this simple description, the 

physical/chemical processes involved in the phenomenon are very complicated. UV 

laser ablation has found many important applications in a wide spectrum of fields [2], 

ranging from microelectronics (polymer processing) [4] and laser cleaning [5], Matrix 

Assisted Pulsed Laser Evaporation-MAPLE- of organic microstructures etc. [3, 6]), 

chemical analysis (Matrix Assisted Laser Desorption of Biomolecules-MALDI- and 

Laser Ablation Mass Spectrometry) [7, 8], biology and medicine (photorefractive 

keratectomy), etc. Thus, understanding the phenomenon is important for the 

optimization of all these applications.  

Most importantly, the phenomenon raises important questions in a wide range 

of scientific fields such as thermodynamics, photophysics, photochemistry, etc. 

Molecular processes under these conditions are expected to deviate in various ways 

from those described by conventional photophysics/ chemistry. Thus, the study of 

laser induced processes provides new/ novel approaches for examining several 

fundamental issues. Evidently, these novel aspects must also be responsible for the 

wide success and applicability of the phenomenon. As a result, the study of UV laser 

ablation can be expected to result finally in new information and concepts about 

molecular photophysics/ chemistry.  

In particular, through extensive and complementary experimental studies [16], 

theoretical modeling [10-15, 20-22] and Molecular Dynamics simulations [17-19], it 

has been strongly indicated that irradiation of molecular substrates at high enough 

laser fluences with nanosecond laser pulses involves phase transformations 

proceeding under non equilibrium (thermodynamic) conditions, such as explosive 

boiling and/ or phase explosion. However, despite all qualitative support for the 

process, several issues remain ill-defined. The association of laser ablation with 
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explosive boiling/ phase explosion suggests that these novel features may ultimately 

reflect features of thermodynamic conditions. Some of these aspects are illustrated in 

the consideration of Matrix Assisted Laser Desorption and Matrix Assisted Pulsed 

Laser Evaporation Deposition of biopolymers. 

 

A most important application of laser ablation of molecular substrates is the 

Matrix Assisted Laser Desorption Ionization (MALDI) which is based on the finding 

that dissolving a biomolecule (like enzyme, proteins, DNA, etc.) within a great excess 

of a matrix (usually DHB-dihydroxybenzoic acid) specifically chosen to absorb at the 

irradiation wavelength can lead to its ejection into the gas phase with minimal or little 

degradation. In that way, it is possible for the biopolymer to be identified by using 

mass spectrometry. MALDI has become the leading technique for performing mass 

analysis of non-volatile organic and biological molecules (biopolymers, proteins, 

polymers etc.). A wide range of polymers, proteins etc with molecular weights usually 

around 300.000 amu, and even of proteins of 1.500.000 amu can be analyzed.  

It is clear that several unique processes must contribute to the unique effect of 

ejection of such large systems in the gas phase without fragmentation. Thus, the 

studies have largely concentrated on finding appropriate molecular matrices for the 

various types of biomolecules in a largely trial-and-error approach. In particular, 

major issues on which work has been focused on concerns:  

a) Promoting the ionization of the analyte molecules, since ions are 

detected in the time – of – flight mass spectrometry usually employed, 

and  

b) Finding matrices capable of dissolving the proteins/ biopolymers.  

Yet, the most fundamental question to be answered is how the highly 

thermally labile and photosensitive, nonvolatile biomolecules can be ‘vaporized’ by a 

laser pulse without being destroyed (f.e. proteins generally thermally decompose to 

monomers at T ≥ 60-100 °C. On the other hand, even thermal desorption of dipeptides 

requires T>200 °C and results in extensive decomposition. Furthermore, several 

undergo extensive photodegradation upon excitation at λ<300 nm). Largely similar 

issues are involved in MAPLE.  
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“Matrix Assisted Pulsed Laser Evaporation” (MAPLE) is a variation of PLD 

and was introduced [6] in order to face the challenge of depositing organic/ polymeric 

materials with minimal thermal or chemical decomposition. To this end, in MAPLE, 

the polymers/ biomolecules are dissolved in an absorbing matrix/ solvent, instead of 

being directly irradiated in the bulk. Because the laser energy is absorbed mainly by 

the solvent/ matrix and not by the polymer, the ‘violent nature’ of laser interaction 

may be largely reduced (at least, the photochemical deleterious modifications to the 

polymer). This idea was introduced by analogy to the studies in MALDI. The 

development of MAPLE relied on the realization that the effectiveness for the ejection 

(and subsequent deposition) of biopolymers in an intact form is not restricted to the 

specific matrices employed in MALDI, but it may be effected upon irradiation of 

polymers and biopolymers dispersed within simple absorbing systems (solvents) such 

as water. Deposition of a wide range of organic macromolecules via MAPLE has been 

demonstrated [6, 23-25], such as of organic macromolecules (e.g. 

PolyEthyleneGlycol, carbohydrates, nanotubes), films of polysaccharides, blood and 

mussel proteins as well as collagen or even of larger biological structures (e.g. 

viruses, proteins, cells, tissue components) in intact and functional form. 

Although the effectiveness of MAPLE has improved substantially over the last 

years, a general enough experimental protocol(s) for the deposition of a variety of 

polymers/ biomolecules remains to be established. The difficulties can be partly 

ascribed to the wide range and to the high chemical and structural complexity of 

materials to be deposited. However, the major difficulty seems to relate to the fact that 

mechanistic understanding of the ejection process has been quite limited and in fact, 

in some studies, rather questionable models have been employed. 

 
1.2 EXPLOSIVE BOILING PROCESSES IN THE LASER 

IRRADIATION OF MOLECULAR SOLIDS  

For most simple molecular systems (in particular systems that are 

photoinactive, that is they do not undergo photodissociation or excited state 

reactions), a large percentage of the electronic and/or vibrational excitation of the 

molecules is generally rapidly converted (∼ps - ns) to thermal energy in the condensed 

phases. For instance, for toluene (C6H5CH3), which will be extensively used in our 

studies, upon excitation in the UV (λ<248 nm), less than 10% of the excited 
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molecules decay by fluorescence, whereas the rest decay by radiationless processes 

and their energy eventually becomes thermal. By thermal, we mean that for all 

degrees of freedom of the compound, the distribution of the molecules in the quantum 

states is Boltzmann and thus a temperature can be defined. For shorter laser pulses, 

i.e. picosecond and femtosecond pulses, such a distribution between the degrees of 

freedom of single molecules may not be established and temperature cannot be 

defined. On the other hand, for nanosecond laser pulses and most systems (at least in 

the case that photochemical processes do not become important), it is now generally 

accepted that such an equilibrium can be established. It must, however, be clarified 

that even for nanosecond laser pulses, while the temperature can be specified locally, 

e.g. per layer of the substrate, yet the temperature differs initially with depth from the 

surface (as a result of the Beer’s type absorption). In other words, we can not assume 

temperature equilibration within the irradiated volume. Much more importantly, as 

discussed below, the temperatures may be very high, much higher than those 

corresponding to phase equilibrium. Thus, nanosecond laser pulses are slow enough 

to ensure thermalization of the energy (i.e. at a molecular level), but fast enough that 

phase equilibrium (i.e., on the microscopic sample) is generally not established. Thus, 

as shown below, phase processes occur under non-equilibrium conditions. 

Many different mathematical treatments have been published differing in the 

imposed boundary conditions, extent of thermal conductivity, inclusion of 

electronically excited species desorbing etc. The basic idea, however, is simply that 

surface temperature increases according to LASER

p

FT
C

α
ρ
⋅

Δ =
⋅

 where α (cm-1) is the 

absorption coefficient of the molecule, FLASER (J/cm2) the laser fluence, ρ (mol/cm3) 

the density and Cp (Jmol-1K-1) the heat capacity of the compound. The numerator 

represents the absorbed energy per volume unit in the solid. For examining the 

‘dynamics’ of the possible phase change mechanisms upon the ultrafast heating in the 

irradiation with nanosecond laser pulses, we consider in the next section in detail the 

theoretical description of the phase transformations.  
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1.2.a  Phase Diagrams  

In a typical pressure vs. temperature phase diagram, the curve A–C represents 

the binodal i.e. the pressure, temperature states at which liquid and gas (vapour) of the 

compound are in equilibrium [11]. The curve B-C denotes the so-called ‘spinodal’, 

which, as described below, corresponds to (P, T) states representing the intrinsic 

stability limit of the liquid or vapour phase (i.e., ( / ) 0PT S∂ ∂ =  and ). 

At the spinodal, the superheated liquid phase is no longer stable with respect to the 

random density fluctuations that occur in all materials at nonzero temperatures. Thus, 

the segment of the spinodal denoted B-C represents the limit to which metastable 

liquids can be superheated. The binodal and spinodal curves intersect at the critical 

point C, above which no distinction can be made between liquid and vapour phases 

(Fig. 1-1). For instance, for H

( / ) 0TP V∂ ∂ =

2O, ambient conditions, i.e., T1 = 25 oC and p1 = 101 kPa 

are represented by point 1, while point 2 denotes saturated liquid at atmospheric 

pressure, i.e., the ‘boiling temperature’, T2 = 100 oC and p2 = 101 kPa; point 3 is the 

location of the spinodal at ambient pressure, T3 = 305 oC and p3 = 101 kPa; The other 

remaining points will be discussed subsequently. 

 
Figure 1-1. Pressure vs temperature projection of the thermodynamic phase diagram 
including the spinodal and binodal curve and the region of metastability. 
  

 Alternatively, the gas-liquid system can be described by considering the 

pressure versus specific volume phase diagram (Fig. 1-2). The boundary of the mixed-

phase region encloses the range of specific volumes in which liquid and gaseous 

phases coexist for a given pressure and temperature (i.e. at binodal). The apex of the 
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vapour dome (point C) is the critical point. The dashed curve within the mixed phase 

region represents the spinodal, where segment B-C specifies the stability limit of 

superheated liquid and segment D-C specifies the stability limit of subcooled vapour.  

 
Figure 1-2. P-V diagram showing the spinodal and binodal curves and the region of 
metastability, the critical point. The indicated (P, V) curve represents the curve that is 
expected for a compound on the basis of the van der Waals equation. This is a wrong 
prediction by this classical model, since instead of observing BE line (dependence), we have 
in this region liquid - gas equilibrium. 
  

1.2.b. Surface Vaporization  

Equilibrium vaporization takes place at the free liquid-vapor interface, where 

liquid is transformed to vapor at the saturation temperature and pressure [11]. Thus, 

equilibrium vaporization occurs when the liquid is in any state that lies on the binodal. 

As a result, vaporization does not occur at a predetermined temperature. The rate at 

which energy is supplied to the system i.e. the rate at which the surface temperature 

increases, dictates the vaporization rate [26]. As is well known, with increasing 

temperature, the equilibrium pressure above the liquid increases by the Clausius-

Clapeyron equation. Since LASER

p

FT
C

α
ρ

Δ = , the equilibrium pressure for irradiation at 
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evaporation from a surface is
2

eqPdN
dT MRTπ

− = . Accordingly, the desorption rate is 

/ ( )des LASERE R To BFdN A e
dt

− +− = ×  which is a simple function of FLASER, so there isn’t any real 

threshold value. 

 

Consider a liquid system located at point 1 in the phase diagram, where the 

surface of the liquid is in equilibrium with the ambient vapour at a temperature below 

the saturation temperature. Upon pulsed laser irradiation, the rate of vapour formation 

increases at the start of the laser pulse because the liquid surface temperature is raised 

rapidly (to a value that may still be below the binodal). In this case, the vapour 

pressure above the liquid surface is lower than what it should be according to the 

liquid surface temperature, which means that the liquid surface is no longer in 

equilibrium with the surrounding vapour. This results in a very high vaporization rate 

until the ambient vapour pressure reaches the equilibrium vapour pressure 

corresponding to the new liquid temperature. When the saturation vapour pressure at 

the new temperature is attained, the rate of the evaporation of liquid becomes equal to 

the rate of the condensation of vapor molecules back into the liquid and, thus, 

equilibrium is restored.  

1.2.c.  Normal Boiling  

Normal boiling refers to a process that, like surface vaporization, occurs at a 

thermodynamic state on the binodal, as indicated by point 2 in Fig. 1-1. Normal 

boiling takes place when dissolved gas or other heterogeneities exist within the liquid. 

These heterogeneities promote the nucleation and growth of vapor bubbles. Thus, in 

this case, not only gas desorbs / escapes from the free liquid surface, but in addition 

there is bubble formation within the bulk of the liquid and on the surfaces of the 

container. It is important that the energy is deposited into the system at a relatively 

slow rate to drive the growth of vapour nuclei at such heterogeneous locations. 

Instead, if heating is very fast, then there may not be sufficient time for bubble 
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growth; in that case, we have the possibility of explosive boiling that is discussed 

next.  

Normal boiling can play a significant role in resulting in material ejection 

upon irradiation with microsecond or longer laser pulses [26]. However, the density of 

heterogeneous bubble nucleation sites is generally insufficient to result in boiling for 

longer laser pulses. Another factor limiting the role of normal boiling in pulsed laser 

ablation is the requirement that the bubbles move to the target surface on a time scale 

set by the propagation velocity of the ablation front. Miotello and Kelly [21] showed 

that this is not possible for irradiation of pure water with submicrosecond laser pulses.  

Once normal boiling is established, the absorption of infinitesimally higher 

energy results in the formation and growth of a vapour bubble. Thus, normal boiling 

always involves the partial vaporization of a liquid volume through the growth of 

vapor bubbles. It is not correct that vaporization occurs only once the entire latent 

heat of vaporization is deposited into a specified volume of water (because, it would 

lead to the superheating of liquid to temperatures far beyond the limit of stability).  

Applicability of ‘Simple’ Thermal Models to Nanosecond Laser Ablation 

The thermal mechanism based on surface vaporization and/ or boiling can 

explain some of the characteristics of laser ablation: 

(1) The nearly exponential increase of the desorbed number of molecules as a 

function of laser fluence and the general observation that substrates with small 

cohesive energy tend to have smaller ablation threshold (after correction for the 

difference in the absorption coefficient). These appear to be the most important 

indications in favour of a thermal mechanism. Thus, thermal ablation is often used but 

as has been shown [27-28], this is wrong and similarly, the terms Desorption in the 

acronym MALDI and Evaporation in MAPLE are misleading. Nevertheless, it must 

be noted that  values that are determined from the analysis of the dependence of 

the desorption intensities are generally different from the standard thermodynamic 

values (e.g. vaporization energy ΔH

desE

vap, sublimation energy ΔHsubl etc). 

(2) The observation of a highly irregular, often with the appearance of a solidified 

melt, irradiated area. The observation of melted area is usual for substrates that absorb 
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moderately at the irradiation wavelength, but not in the case of strongly-absorbing 

substrates. Furthermore, in most cases, formation of gas bubbles and other defects are 

observed in the bulk, thereby affecting the ‘appearance’ of the substrate. Hence, the 

morphological observations give indications for a thermal mechanism, but are 

affected by optical and other properties of the material and cannot be regarded as a 

proof.  

On the other hand, mechanisms based on surface vaporization and/ or boiling 

cannot explain some basic characteristics of the ablation process e.g. how it is 

possible in MALDI to effect protein ejection when these large molecules have almost 

zero vapor pressure. Additionally, how it is possible that the highly thermally 

sensitive proteins are ejected with little degradation. For such large molecules with a 

very high binding interaction energy to the matrix, temperatures for their thermal 

desorption should be so high that would thermally decompose before they could 

desorb. In view of these difficulties, it became evident that irradiation with 

nanosecond laser pulses must involve ‘non-equilibrium’ thermal processes. 

 

1.2.d. Explosive Boiling 

According to Gibbs thermodynamic theory [10] there are two limits to the 

existence of the condensed phase; the binodal line, the equilibrium curve (P,T) for the 

liquid and vapour, and the spinodal line, the boundary of thermodynamic stability of 

the liquid phase.  

On the binodal curve the chemical potential of the vapor is equal to that of the 

liquid (i.e., equilibrium condition). We know that the chemical potential of gas scales 

as ( ) ( ), o
g i o

PT P T RT
P

μ μ= + ln ; while for the liquid ( ) (, o
l lT P Tμ μ= ) . Thus, with 

increasing T, g lμ μ=  is attained at higher P, so that on the bimodal P is 

approximately described by the Clausius – Clapeyron equation RT
oP P e

ΔΗ
−

= .   
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On the other hand, the spinodal line is defined by the conditions that 

( ) 0T
P
V

∂
− =

∂
, ( ) 0P

T
S

∂
=

∂
 which is a physical impossibility (since the former indicates 

that pressure does not change upon changes in the volume of the sample; the latter 

suggests that temperature does not change despite changes in the entropy of the 

system). Thus, upon reaching the spinodal line, the thermodynamically unstable liquid 

disintegrates ‘spontaneously’ (‘spinodal decomposition’) into a two phase 

mixture/mixed phase composed of liquid droplets and saturated vapor at the saturation 

pressure corresponding to the spinodal temperature (i.e., p = 9.2 MPa; for water at 

atmospheric pressure). Thus, the ‘relaxation’ process involves a significant pressure 

rise [26].  

Between the binodal and the spinodal line, there is a region of metastable 

(superheated) liquid. In this (P, T) region, the chemical potential of the gas (vapour) is 

lower than the chemical potential of the liquid; thus, the liquid should be transformed 

into gas. However, there is no fundamental law prohibiting the existence of the 

system in this ‘region’ exclusively in liquid form for some time. In other words, a 

system under (P, T) conditions in this ‘region’ of the graph will eventually become 

gas, but nevertheless, it can remain in the liquid form for some (short) time.  

 

Figure 1-3. Chemical potentials of liquid (1) and gas phase (2) as function of temperature (at 
constant pressure) [12]. The intersection corresponds to the saturation condition (i.e., point on 
binodal line; liquid-gas phase equilibrium), i.e., T is the temperature at which the constant P is 
the Psat of the compound. At T>T(P), μv <μl i.e., metastability for the liquid phase. 
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The existence of a metastable region can be understood by considering the plot 

of the Gibbs free energy versus specific volume at ambient pressure (Fig. 1-4). At T = 

Tsat, the Gibbs free energy displays two local minima of equal magnitude located at 

specific volumes corresponding to saturated liquid and saturated vapour states 

(intersection point of μl and μg at the binodal in Fig. 1-3). However, at T>Tsat, 

g lμ μ< , i.e. the local minimum corresponding to the specific volume of the vapour is 

lower than the local minimum corresponding to the liquid state. However, the 

transition from liquid to vapour requires that a free energy barrier be overcome. This 

barrier is due to the fact that the transformation from liquid to gas phase requires the 

formation of bubbles; however, this formation is limited by the surface tension; that is 

by the energy required for the formation of a free surface within the liquid (energy is 

required in order to overcome the attractive force between the molecules within the 

liquid and to create the free surface). This energy (work) is provided by the decrease 

in the chemical potential of the system by the evaporating liquid. In other words, the 

liquid state, while not globally stable, resides in a local minimum metastable state.  

 

 
Figure 1-4. Gibbs free energy vs specific volume of a pure substance for several temperatures 
starting at the saturation temperature, Tsat, where the liquid and gaseous states are in 
equilibrium, up to the spinodal temperature, Tspin.  
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With T>Tsat, the local minimum of the liquid becomes swallower and the free 

energy barrier is reduced. At the spinodal temperature, Tspin, the Gibbs free energy 

minimum corresponding to the liquid phase disappears. Thus, the superheated liquid 

becomes unstable, and the transition to the vapour phase via spinodal decomposition 

is “spontaneous”, that is, it is not subject to any activation barrier. Thus, if the rate of 

volumetric energy deposition provided by laser radiation is more rapid than the rate of 

energy consumed by vaporization and normal boiling, the substrate may be driven to a 

metastable superheated state. The liquid can remain metastable until the spinodal 

temperature is reached (point 3 in Fig. 1-1 and Fig. 1-2). 

Alternatively, the metastability can be understood by considering the 

dynamics formation of vapour bubbles (nuclei) which are necessary for boiling. The 

creation of homogeneous vapour bubbles in the liquid is accompanied by an increase 

in the Gibbs free energy; 
3

2

16
3kG

g
πσ

Δ = ; where the parameter ‘g’ characterizes the 

depth of penetration into the region of metastable states. For a superheated liquid, 

homogeneous nucleation refers to the spontaneous formation of vapour inclusions 

within the bulk liquid, solely from thermodynamic fluctuations and not catalyzed by 

the presence of impurities or dissolved gas. While the formation of such vapour 

‘nuclei’ is spontaneous, their growth is not ensured and depends strongly on superheat 

temperature. In the framework of classical nucleation theory initially formulated in 

the 1920s, the driving force for growth of vapour ‘nuclei’ is supplied by the difference 

in chemical potential between the superheated liquid outside the bubble and the 

vapour inside, and it is necessary to overcome the surface tension separating the 

vapour from the liquid. The Gibbs free energy, G, that describes the 

thermodynamics of bubble formation is given by 
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where v and l are the chemical potentials of the vapour and liquid states, 

respectively, r is the size (radius) of the vapour nuclei, and  is the surface tension of 

the surrounding liquid. In the first line of the above equation, the first term represents 
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the ‘driving force’ of bubble formation, the second one the work directed against the 

pressure forces and the third one the energy necessary for formation of the liquid-

vapor interface. The free energy change upon the phase transformation is proportional 

to the number of molecules involved in the phase transformation (thus, proportional to 

the volume of the liquid/vapour), which explains the inclusion of the term 
3

4 3rπ  in 

the above formula. The important point is that because the chemical potential 

difference that drives bubble growth scales with the number of molecules within the 

bubble and, thus, scales as the bubble volume (i.e., r 3) while surface tension scales 

with the bubble surface area (i.e., r 2), small vapor nuclei collapse, while larger vapour 

nuclei will grow. Nuclei grow only if they are larger than a critical radius, rcr, such 

that the chemical potential difference exceeds the barrier due to the surface tension 

(i.e., σπμμπ 2
3

4)(
3

4 rr
lv >− ) so that 0<ΔG . From 0/))(( =Δ dtRGd b ⇒ 

lv
cr PP

r
−

=
σ2 . 

With increasing temperature, lv μμ −  (the chemical potential difference 

between the superheated liquid and the vapor inside the bubble) decreases (becomes 

more negative) and results in a reduction of the critical embryo size that can 

spontaneously grow. That is, it is the difference in chemical potential of the 

superheated liquid relative to the vapour that drives the growth of vapour nuclei (Fig. 

1-5, illustrating the variation of the Gibbs free energy required for the formation of 

vapour nuclei with a given size within water, for different superheat temperatures). 

Vapour nuclei smaller than rcr are called ‘embryos’ and will spontaneously collapse 

because . On the other hand, vapour nuclei with size r0>ΔG cr (or larger) are called 

bubbles and will grow spontaneously. Fig. 1-6 shows the dependence of and rcrGΔ cr 

on superheat temperature for water. Both crGΔ  and rcr become very small for large 

superheat temperatures. 

Assuming Arrhenius-type kinetics for the rate of formation of the critical size 

bubbles, and stationary conditions, the rate of nucleus formation of homogeneous 

nucleation at a (constant) temperature T is given by exp( / )o kJ J G k TB= −Δ  where Jo 
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is a function which depends weakly on temperature and pressure in comparison with 

the exponential factor. 
3

2

16
3( )k

V vap

G
H
πσ

ρ β
Δ =

Δ
 where ρV is the density of saturated 

vapour, ΔHvap is the specific heat of vaporization at the point (po,To) and β=(Τ-Το)/Το 

is the relative superheat [11] or as a function of P, by
( )2

3

3
16

LVLB
cr

PPTk
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−
=Δ

πσ . Thus, 

the strong reduction of  results in a dramatic rise in the nucleation rate (J) with 

the superheat temperature (Fig. 1-7). The energy barrier that must be overcome for the 

conversion from the liquid to the vapor phase disappears only when surface tension 

disappears, and this occurs at the critical point. 

crGΔ

The nucleation rate J(t) under nonstationary conditions is related to J by 

( ) exp( )tJ t J
τ

= × −  where t is the time and τ is the time for establishment of 

stationary nucleation after instantaneous superheating of the system.  

 

 
Figure 1-5.  Schematic of the Gibbs free energy vs bubble radius for the formation of a 
bubble within a superheated liquid for various superheat temperatures. The maximum of each 
curve represents the critical Gibbs free energy, Gcr. 
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Figure 1-6. (a) Variation of the critical Gibbs free energy with superheat temperature. The 
critical Gibbs free energy goes to zero at the critical temperature. (b) Variation of the critical 
bubble radius required with superheat temperature. The critical bubble radius goes to zero at 
the critical temperature. 
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Figure 1-7. Variation of vapor bubble nucleation rate with superheat temperature.  

Thus, though both spinodal decomposition and explosive boiling (phase 

explosion) result in liquid-phase transformation, yet, explosive boiling requires the 

formation of bubbles (bubble nucleation) which can be considered to be large density 

fluctuations of small spatial extent. In contrast, spinodal decomposition involves the 

rapid spontaneous growth of small density fluctuations that extend over large spatial 

scales. Unlike bubble nucleation, spinodal decomposition is not an activated process 

and is not impeded by the presence of a free energy barrier. 

An important aspect is that taking Tsp = 305 0C and considering the strong 

temperature dependence of the specific heat capacity of superheated water, the 

volumetric energy density necessary to heat water from room temperature to the 

spinodal limit is estimated to be 1.27 kJ/g, which comprises only 50% of the sum of 

the sensible and latent heat of vaporization for water. Thus, less than half of the 

superheated liquid is transformed to saturated vapour, and the remaining saturated 

liquid is ejected in the form of liquid droplets (Fig 1-8).  

The above description corresponds to the extreme case in which no vapour 

nuclei are present in the liquid, or the heating occurs extremely rapidly (e.g. path 

1→2→3→4’→5 or 5’ in Fig. 1-1). However, in practice some nuclei/ bubbles are 
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formed and grow during the laser heating. In this case, the process is intermediate 

between the path 1 3 4' 5 5' and normal boiling. The heating phase does not 

occur in an isobaric fashion but is accompanied by a finite pressure rise. Thus, 

spinodal conditions are reached somewhere between point 3 and the critical point C. 

In this case, the process occurs at a higher temperature and pressure than in the 

boiling process, but the pressure jump associated with the phase separation is less 

severe. Such intermediate processes are referred to as ‘explosive boiling’. 

 
Figure 1-8. The figure illustrates the spinodal and binodal curve and the region of 
metastability and the thermodynamic states assessed depending on the rate of heating. 

 

Consequently, the likelihood of a phase explosion versus normal boiling, 

occurring upon laser irradiation, is determined by the rate of energy consumption by 

the growth of nucleation centers as the rate of laser energy absorption. For early 

times, the rate of bubble growth is limited by the inertia of the liquid mass that 

surrounds the bubbles. By assuming that a certain density of heterogeneous vapour 

nuclei exist within the liquid and grow at the maximum rate possible, one can 

determine an upper bound for the volumetric power density that must be supplied by 

the laser radiation to superheat the liquid to the spinodal limit.  
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At low rates of heat deposition no significant superheating of the liquid is 

achieved, since practically all the heat goes into the growth of any heterogeneous 

vapor nuclei (ordinary boiling) present in the liquid. At very high heating rates (as 

those that may be attained by laser heating) the time for vaporization within 

heterogeneous nuclei will be insignificant; therefore, the achievement of high 

superheating close to the spinodal line may be possible [13]. As an example of the 

above discussion, the spinodal temperature of water at atmospheric pressure is 

estimated to be Tsp = 305 0C. When heating is done on time scales of several seconds 

to minutes, water at ambient pressure can be heated only up to T = 279.5 0C, while for 

heating conditions on the microsecond time scale, temperatures in excess of 300 0C 

have been attained.  

Given all previous discussion, the question arises about their relationship to 

laser-induced processes. Yet, several studies in the laser ablation of metal [14] and 

semiconductor [15, 16] substrates with nanosecond laser pulses have well established 

that in this case explosive boiling and phase explosion must be involved. More 

recently, through the parallel contribution of molecular dynamics simulations [17-19] 

and thermodynamic considerations [20-22], explosive boiling has been indicated to be 

involved in the laser irradiation of molecular solids. In the molecular dynamics 

simulations, the particles are represented by a breathing sphere model [19]: (i.e., 

spheres with varying radius, one internal degree of freedom). The interaction potential 

of the particles is given by a Lennard-Jones potential. The simulations have shown 

that above a certain laser fluence value, ejection of clusters is observed. It was 

proposed that this is the main characteristic of the ablation phenomenon. At lower 

fluences, no clusters are observed, with the molecules desorbing in the form of 

monomers. Furthermore, at these fluences, the desorbed signal as a function of the 

incident laser fluence is found to be exponential and can be described by Clausius-

Clayperon formula. Thus, the ejection process at these fluences was suggested to be 

essentially thermal in nature. Above the threshold, where ejection of clusters is 

observed, the irradiated material suffers pronounced structural changes during the 

laser pulse. Initially, Garrison and coworkers [17-19] determined the increase in the 

molecular kinetic energy and the atomic stresses and showed that both increased 

importantly in the irradiation regime. Therefore, they suggested that ablation is a 

combination of the photomechanical phenomenon and intense boiling.  
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Kelly and Miotello [20-22] report a thermodynamic analysis essentially 

similar to that of Martynyuk and related it to the various experimental and theoretical 

findings [22]. In analyzing the MD simulations [22], they suggested that the 

simulations are consistent with explosive boiling. This explanation has in turn been 

adopted by the Garrison group. However, Kelly and Miotello have presumed some 

parameters in their analysis. It is not clear if these parameters (f.e., Jo, τ) are 

necessarily acceptable. On the other hand, superheating has been demonstrated [29]  

for the overheating of liquids on top of absorbing substrates (in which the 

superheating is very low ∼ 20-50 K, because of heterogeneous vapor bubble 

formation). The physical picture is that if heating is very fast, thus the heated volume 

does not have time to change its volume and so we have the development of a very 

high pressure. Subsequently, as the volume expands abruptly, there is void formation, 

i.e., fracture between the upper and the lower layers. Instead, if heating is slow then 

the heated material has sufficient time to expand slowly and, thus, no significant 

pressure develops.     

 

1.3 INFLUENCE OF OTHER PROCESSES ON EXPLOSIVE 

BOILING 

Upon laser irradiation, a number of processes may take place in parallel to 

explosive boiling/phase explosion. The relative importance/contribution of these 

processes may vary depending on material and laser irradiation parameters. These 

processes have been mainly discussed in the literature for their contribution to 

material ejection. Here, on the other hand, we focus on the plausible influence of 

these processes, when they occur, on the evolution of the explosive boiling.  

 

1.3.a. Influence of photomechanical processes 

Laser irradiation/ heating can result in the development of pressure waves. The 

magnitude of the laser induced stresses becomes significant when the laser pulse 

duration τp, is shorter than the time of mechanical equilibration of the absorbing 

volume τs so that heating occurs under nearly constant volume. This results in the 

development of a high compressive pressure stress. This condition usually referred as 
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stress confinement, can be expressed as τpulse≤τs ∼Lp/Cs, where Cs is the speed of 

sound in the irradiated material and Lp the optical penetration depth (since mechanical 

equilibration is attained via the propagation of mechanical/ acoustic waves/ 

disturbances, the time for mechanical equilibration is specified by the speed of 

sound). The initial compressive wave upon reflection from the free surface of the 

irradiated sample becomes tensile which can cause mechanical fracture/spallation. 

However, in our cases, where Lp~1-5 μm, the influence of photomechanical processes 

on explosive boiling will be generally negligible, since 1 5 
2000 / secs

m
m
μτ −

= . In addition, 

our excimer pulse is 30 ns, so that pulse sτ τ>  i.e. very little pressure build up in the 

system.   

As can be seen in the (P,T) phase diagram (Fig. 1-1), a system in state 1 can 

reach the metastable region by rapidly increasing the temperature as described in 

detail before. However, evidently, the system in state 1 can also reach the metastable 

region by reducing the pressure on the system (the process of bubble formation 

caused in this way is often called cavitation, but there is no difference in the physics 

involved). 

Thus, upon laser irradiation, even if the maximum amplitude is not attained, 

the developed stress waves, upon propagation within the heated bulk, can promote 

bubble nucleation and accelerate the growth of pre-existing bubble nuclei, since 

tensile waves contribute to the formation of free surface within the liquid.  The 

influence of the tensile wave can be easily denoted in the (P, T) phase diagram, since 

a tensile wave results in a fast drop of the pressure within the liquid. If the stress wave 

is of high amplitude then it results in a crossing of the binonal and even it can result in 

‘pushing’ the system close to the spinodal. For water, the stress wave amplitude must 

reach values of about 100 MPa for this to happen.   

 

One implication of this influence is that massive material ejection can take 

place at energy irradiances much lower than those required for vaporization [30]. 

Such examples have been reported for liquids [30], biological tissues [31], IR-

MALDI [32], in cases where the Lp is relatively large (so that the time of mechanical 

equilibration is long). Since this results in the ejection of large and relatively cold 
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‘slices’ of the material, the required energy density should be lower than that required 

for thermal mechanisms. Larger and more numerous clusters with higher ejection 

velocities are indicated in the regime of stress confinement as compared to the regime 

of thermal confinement.  

 

1.3.b Influence of photochemical processes  

According to this mechanism, UV ablation of molecular solids is intricately 

related with the cleavage of chemical bonds and formation of new products. In its 

simplest version, the photochemical mechanism assumes that material ejection from 

molecular systems occurs when the number of broken bonds exceeds a critical value 

( )( ) LASER
D

NF zN z
h

ση
ν

= ×  ≥Ncr
D where η is the quantum yield and N the total number 

density of absorption centers (chromophores). If ND (z≤Δz)≥Ncr
D, then from Beer’s 

law, 1 ln( )
thr

Fz
Fα

Δ = ×  with cr
thr D

hF Nν
ηα

∝ . However, there is no criterion usually in 

specifying the critical number of bonds to be broken. 

A different scenario is that the fragments that are formed in the photolysis 

produce gases (e.g. CO2, CH4 etc.) by reactions with surrounding molecules. In that 

case, material ejection is due to the forces that are created by the expanding gases in 

the underlayers. In fact, very recently, on the basis of the study reported in chapter 6 

(ablation of chlorobenzene solids), the Garrison group advanced a more elaborate 

scheme for the photochemical mechanism [33].  

The photochemical mechanism has been advanced for explaining the 

observation that in a number of molecular systems (polymers [34] and organic liquids 

[35-38]), there is no evidence for melting or other morphological changes in the 

substrate and the ablation threshold does not correlate with the thermodynamic 

properties of these compounds. For instance, in a comparative study of the 

photoablation of liquids C6H6, C6H5CH3, C6H5Cl, C6H5CH2Cl, the Masuhara group 

using both imaging shadowgraphy [37] and photoacoustical techniques [38], 

estimated the values presented in Table 1-1 for the temperature that is attained in the 

irradiation with laser fluences close to the threshold regime. 
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Table 1-1 UV laser Ablation of liquids 

Liquid Fthr (mJ/cm2) Estimated Tthr (°K) Boiling Point (°K) 

Benzene 100 410 353 

Chlorobenzene 60 370 405 

Toluene 35 350 383 

 

As shown, the temperatures are not correlated with the boiling points of the 

compounds. They proposed that the indicated decrease of the threshold is consistent 

with the photolysis yield of the compounds. Additionally, by laser induced 

fluorescence (LIF) and imaging techniques [35], fragments in the ejected material 

were detected, which appears to be consistent with the photochemical mechanism. 

But, the examination was performed at high laser fluences. Thus, it is possible that the 

observed fragments derive from multiple absorptions and dissociations of the 

molecules when already have been in the gas phase. 

However, the fast deactivation processes suggest that, at least with ns pulses, 

part of the energy results in a high temperature rise. This increase must affect the 

photochemical processes.  

 

1.4 EXPLOSIVE BOILING UPON LASER IRRADIATION OF 

NANOPARTICLES 

Short pulse laser irradiation of absorbing nanoparticles embedded in a 

transparent medium provides a method for targeted deposition of laser energy with a 

sub-micron resolution and serves as a basis for a number of emerging applications, in 

particular biomedical [39]. In particular, it has been demonstrated that laser irradiation 

of gold or silver nanoparticles delivered to specific cells can be used for selective 

killing of cancer cells or bacteria [40]. Experimental observations suggest that the cell 

damage is typically associated with generation of vapour bubbles around the 

absorbing nanoparticles [41, 42].  

During the laser irradiation pulse the particle is absorbing the radiation energy 

and the particle temperature is growing. Long laser pulses with pulse duration tp that 

exceed the thermal relaxation time tT, cause heating of both the particle and the 
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surrounding medium as heat diffuses across the particle boundary. If the laser pulse 

duration tp is much less than tT then the laser energy can be thermally confined within 

the particle for some period of time, causing rapid heating of the particle itself. Under 

high power laser action the temperature approaches the melting point and the particle 

melts. In the case of further heating, the temperature achieved may reach the value of 

boiling (evaporation) temperature of the particle material and the particle can 

evaporate.  

Similar approach has been proposed for biological imaging, where 

optoacoustic signals generated by nanoparticles help to differentiate small tumors 

from normal tissue. In the area of drug delivery, doping of nanoparticles opens a way 

for remote release of encapsulated material into specific cells by targeting metal 

nanoparticles with near infrared laser irradiation. While the number of biomedical 

applications based on light-absorbing nanoparticles is growing, the understanding of 

the channels of energy transfer from nanoparticles to the surrounding transparent 

medium and the processes responsible for cell damage/death remains limited and, for 

the most part, relies on qualitative estimations based on the solution of the heat 

conduction equation [43]. At the same time, recent investigation performed for 

femtosecond laser excitation and time-resolved X-ray probing of gold nanoparticles 

demonstrates that the vapor bubble formation exhibits a threshold dependence on 

laser fluence and the onset of the bubble formation strongly affects the rate of the heat 

transfer from the nanoparticle [44].  

Explosive boiling has been studied in recent pulsed laser experiments on 

microparticles for medical applications, such as eye surgery and photothermal killing 

of cells, and for materials application, such as steam laser cleaning of surfaces. In 

these experiments, the liquid is heated via rapid heat transfer from a solid surface 

irradiated with intense laser pulses. In medical applications, advantage is taken of the 

fact that the finite heat conduction in the liquid restricts the extreme thermodynamic 

conditions to the immediate vicinity of the solid/ liquid interface. A recent theoretical 

study has shown that a very thin vapor layer of a few nanometers width forms at the 

heated surface within approximately 100 ps, when the temperature of the liquid 

reaches 80%–90% of the critical temperature. 

 

A novel laser pump/x-ray probe method has been used to investigate heat 

transfer dynamics and explosive evaporation of water at the surface of laser-heated 
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gold nanoparticles upon irradiation with femtosecond laser pulses [44(b)]. At low 

fluences, the experiments show regular cooling via heat transfer from the particles to 

the water phase. When increasing the fluence, the water around the particles reaches 

high temperatures, resulting in explosive evaporation in the subnanosecond range. 

The formation of vapour bubbles shows a threshold dependence on laser fluence. The 

threshold for the formation of the nanometer-sized vapor bubbles lies in around 85% 

of the critical temperature of water. These bubbles change the heat dissipation 

drastically by inhibiting cooling of the particles on a subnanosecond time scale. An 

implication of this finding is that in applications, relying on nanosecond or 

microsecond laser pulses, large amounts of heat may be accumulated from the laser, 

even after the bubbles collapse due to cooling, while the laser pulse is still delivering 

energy. This may lead to surface melting or even fragmentation. An optimal laser 

pulse length for controlled explosive boiling around target-nanoparticles would be of 

a few picoseconds duration, where nonlinear interactions are excluded, while the 

energy deposition is still faster than the heat transfer and bubble explosion [45]. 

The rate of energy dissipation from Au nanoparticles to their surroundings has 

been examined by pump-probe spectroscopy [46]. These experiments were performed 

for particles suspended in aqueous solution, with average sizes ranging from 4 to 50 

nm in diameter. The results show that energy relaxation is a very nonexponential 

process. Fitting the data to a stretched exponential function yields a characteristic time 

scale for relaxation that varies from ca. 10 ps for the smallest particles examined (~4 

nm diameter) to almost 400 ps for the 50 nm diameter particles. The relaxation times 

are proportional to the square of the radius, but do not depend on the initial 

temperature of the particles (i.e., the pump laser power). For very small particles, the 

time scale for energy dissipation is comparable to the time scale for electron-phonon 

coupling, which implies that significant energy loss occurs before the electrons and 

phonons reach thermal equilibrium within the particle. 

 

In another intriguing study [47], optically excited gold nanoparticles 

embeeded within an ice matrix have been used in order to understand heat generation 

and melting processes at the nanoscale level. Although ice in bulk form does not 

fluoresce, in the form of nanoparticles it does fluoresce. Thus, fluorescence technique 

can be used to monitor the decay of the excitation of the Au nanoparticles. 

Thermooptical spectroscopy based on phase transformation of a matrix is introduced. 
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With this, we can not only measure optical response, but also thermal response, that is 

heat generation. Spatial fluorescence mapping was employed to establish the locations 

of Au nanoparticles, whereas time-resolved Raman spectroscopy of ice revealed the 

melting process. From the time-dependent Raman signals, the critical light intensities 

at which the laser beam is able to melt ice around the nanoparticles were determined. 

The melting intensity depends strongly on temperature and position. It was suggested 

that this dependence comes from the fact that nanoparticles form small complexes of 

different geometry and each complex has a unique thermal response. The information 

obtained in this study can be used to design nanoscale heaters and actuators. 

 

1.5 DIFFICULTIES IN THE STUDY OF BUBBLE NUCLEATION 

AND GROWTH   

 

Despite all studies for over 100 years, especially the primary steps in bubble 

nucleation/ formation remain unclear (ambiguous). There are many instances in 

liquids, under ambient atmosphere, at which pronounced differences are found 

between the predictions of the classical nucleation theory and experimental results. 

The best known and most extensively studied example concerns cavitation (the 

process of bubble formation by reducing the pressure on the liquid), for which 

inception occurs at acoustic amplitudes far below the theoretically predicted tensile 

pressure (e.g. the experimental tensile strength of H2O is almost order of magnitude 

below the predicted value) [48-51]. Discrepancies have also been noted in the 

explosive boiling processes upon laser-irradiation of liquids and of liquids adjacent to 

laser-heated surfaces. However, in liquids, exclusion of dissolved gases (that may act 

as heterogeneous nuclei) cannot be prevented. Thus, any deviations between theory 

and experiment have been largely attributed to the hypothesis that long-lived 

cavitation nuclei, such as ultramicroscopic bubbles are present in liquids.  

The above hypothesis appears to account for the observed deviations but, in fact, 

it introduces an even more fundamental problem. Bubbles with a radius smaller than 

Rcr are thermodynamically unstable and should dissolve and vanish quickly. For 

resolving this difficulty, Frenkel [52] has advanced the possibility of distinguishing 

between heterophases and homophases, but the physical basis for this delineation is 

unclear. Alternatively and equally questionably, stabilization of (nano) bubbles has 
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been ascribed to the influence of such factors as cosmic radiation [53], formation of 

clusters of organic or ionic molecules [54-55] and van der Waals stabilization [56]. 

For highly purified and degassed water, a significant decrease of the cavitation 

threshold due to neutron irradiation has been observed, with the threshold slowly 

returning to the initial level upon removal of the source of radiation (kind of a 

memory effect). An analogous ‘memory’ effect has been demonstrated by Leiderer 

and Grigoropoulos [29] on μs-ms time scale in the generation of bubble formation 

(explosive boiling) of liquids adjacent to solid surfaces heated by nanosecond pulses.  

There is increasing understanding that the above discrepancies between theory 

and experiment are not only due to experimental limitations, but rather to our limited 

understanding and specification of parameters, e.g. of the surface tension, on 

nanometer scale. A common approach is to introduce the possibility that the surface 

tension may vary with the bubble curvature (Tolman’s length)[57].  

The difficulties in describing boiling, particularly on the nanometer scale, have 

been further illustrated in a recent study employing an ultrafast laser strobe 

microscopy technique with an effective resolution of eight nanoseconds to photograph 

bubbles growing on a microheater surface (Fig. 1-9) [58]. A voltage pulse of only five 

microseconds superheats the water to nearly 300 °C, creating a microbubble tens of 

microns in diameter. When the pulse ends, the microbubble collapses as the water 

cools. However, if a second voltage pulse follows closely enough, the second 

microbubble forms earlier during the pulse and at a lower temperature apparently, 

because nanobubbles formed by the collapse of the first bubble become new 

nucleation sites for the growth of later bubbles. The nanobubbles themselves are too 

small to observe, but by changing the timing between voltage pulses and observing 

how long it takes for the second microbubble to form, the lifetime of the nanobubbles 

was estimated to be ~100 microseconds. Thus, this method, as well as the one 

demonstrated by Leiderer and Grigoropoulos, provide the means for measuring 

nanobubble lifetimes. In addition, these experiments are believed to be the first 

evidence that nanoscale bubbles can form on hydrophilic surfaces (previous evidence 

of nanobubbles was found only for hydrophobic surfaces). 
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Besides the fundamental scientific interest, the above questions are also of direct 

relevance to nanoscience and nanotechnology. The existence of nanobubbles can be a 

serious problem in the examination of surfaces by in situ atomic force microscopy 

(AFM) and other scanning microscopies. Nanobubbles have been detected to form 

spontaneously when gold surfaces are immersed in pure water [59], but they are 

probably a general phenomenon at liquid-solid interfaces. Their formation can result 

in undesirable effects, such as enhanced noise and even artifacts in the microscopic 

imaging techniques. Formation of nanobubbles is also common in the laser irradiation 

of materials. Laser-based structuring techniques generally result in some degree of 

heating. Thus, when using laser-based techniques for nanostructure fabrication, within 

liquids bubble formation may compromise the focusing of the beam and the final 

resolution of the structures produced by techniques such as femtosecond-based 

polymerization approaches [60].  

 

 
Figure 1-9. Ultra-high speed photographs of microbubbles forming on a 
microheater show the effect of residual nanobubbles between heating 
pulses. The first pulse of a two-pulse sequence (a) produces nearly 
identical microbubbles time after time, but the second pulse (b) produces a 
random assortment of bubbles of varying sizes. Vertical bar shows a 
distance of 15 micrometers. [58] 

 
On the other hand, nanobubble formation may be used to advantage. For 

instance, recently, bubble formation has been exploited for the directional transport of 

objects in microfluidics. Typically, actuation forces exploited to transport small 

objects in channels rely on applied pressure differences, capillary forces, 

electrophoresis or Marangoni forces [61]. By comparison with these approaches, 
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microbubbles on a substrate establish well controlled fluid motion on very small 

scales [62]. In other work, the rapid expansion of a vapor bubble has been exploited to 

switch values in microdevices. Bubbles have also been exploited for blocking 

transiently the path of a light beam, thus creating an optical switch. Furthermore, 

bubble manipulation introduces new possibilities e.g. combinations (‘doublets’) of 

bubbles and microparticles provide for the controlled breaking of the symmetry of the 

motion. In other work, the rapid expansion of vapor bubbles has been exploited to 

switch valves in microdevices [63]. Bubbles have also been exploited for blocking 

transiently the path of a light beam, thus creating an optical switch [64]. Microbubble 

formation near cells can also result in localized shear forces sufficient to open pores in 

cellular membranes, thus enabling drug delivery or gene transfection [65]. 

 

1.6 CRYOGENIC SOLIDS 

1.6.a The possibility of studying phase transformation processes in cryogenic 

solids 

Despite all this importance, the study of bubble nucleation and growth 

phenomena in liquids is subject to major limitations, due to the presence of any 

‘heterogeneous material’. Even upon extensive purification, heterogeneous processes 

in the study of the processes in liquids under ambient conditions, is limited by the 

sensitivity of the processes (dissolved ambient gases). In addition, the fleeting 

existence of bubbles in liquids makes their study quite difficult. Generally, the time 

scale for most (conventional acoustic) studies has been limited to microseconds due to 

the instability of the transducers to generate shorter acoustic pulses of sufficient 

intensities to cause cavitation (of course, this limitation has been overcome in the 

laser-based studies initiated by Leiderer, Grigoropoulos and Vogel).  

Clearly, explosive boiling is a complex phenomenon. The examination in 

realistic substrates and tissues introduces additional parameters that further hinder the 

understanding of the mechanisms. Thus, the detailed examination of the possible 

mechanisms demands the use of simpler molecular systems. The simplest systems 

would be solids of simple molecular/organic compounds. However, at normal 

temperatures simple molecules (e.g. NO, H2O, benzene etc.) are either gaseous or in 

liquid form. Thus, cryogenic or van der Waals solids/ films of these compounds, i.e. 
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solids formed by the condensation of vapors of those compounds on low temperature 

substrates are employed. The advantages of examining molecular photodesorption 

mechanisms using van der Waals solids are presented. 

First, the employed compounds have been studied extensively in the gas-

phase, solution and in matrices (matrix isolation spectroscopy). The extensive 

information that is available about their photophysics/chemistry ensures that detailed 

interpretation and analysis of the experimental results can be attained.  

Second, the interaction forces between these molecules are weak (van der 

Waals forces, dipole-dipole interaction). Thus, mechanisms of energy transfer and of 

phase transformations in these films are relatively simple (at least, in comparison with 

polymers and tissues) and, thus, easier to probe and characterize.  

Third, the structure of these solids can be varied in a controlled way (either by 

deposition conditions or by thermal annealing) from highly amorphous to 

semicrystalline. This gives the capability on one hand, of preparing films of high 

optical quality (f.e. for monitoring processes via optical techniques) and on the other, 

to examine the influence, if any, of structure on the phase transformations processes.  

Fourth, the use of cryogenic films offers the crucial advantage that the presence 

of dissolved gases or of other plausible sources that may act as heterogeneous nuclei 

can be strictly excluded. 

Finally, because of the relatively rapid cooling (cooling on 
thDa 2

1 ~ 10-50 μs, 

where α is the absorption coefficient and Dth the heat diffusion constant) and 

subsequent solidification, bubble structures may be ‘arrested’ and, thus, studied in 

more detail. In addition, they can be monitored in time, thus being able to establish 

the factors crucial for elucidating their dynamics when still in their ‘infancy’. It is 

clear that bubble formation in cryogenic films can provide new insights into the 

technology necessary for exploiting and manipulating bubbles at the nano level.  

 

1.6.b Relevant Laser – Induced Processes in Cytogenic Solids  

In the middle of ’80s [66], there was intense interest in using techniques 

already developed for studying reactions and photofragmentation in the gas phase for 

the examination of the photophysics/chemistry of adsorbed molecules on cold 
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surfaces (condensed molecules) [67]. The goal was to understand the photophysics of 

molecules in condensed phases and how this differentiates from that in the gas phase. 

In the framework of these studies [68-69], it was established that, at very low fluences 

(≤ 1mJ/cm2 depending on adsorbate absorptivity) only fragments or excited molecules 

are observed to desorb, establishing the existence of molecular selectivity in the 

desorption process, i.e. only excited surface molecules may contribute to the 

desorption signal. For example, in a mixture of CH2I2 and NH3 (NH3 does not absorb 

at 308 nm), only CH2I or I fragments are desorbed, while the desorption of NH3 is 

negligible. At low laser fluences, the translational distribution (e.g. shape and 

<ETRANS>) of the photodesorbed molecules/fragments is independent on laser fluence 

(FLASER) while the photodesorption yield increases linearly with FLASER. The 

molecular ejection is generally a surface-mediated photodesorption, i.e., to the 

repulsion developed between a photoexcited state of a molecule and to neighborhood 

molecules. Additionally, in this case, because of the small number of desorbing 

particles, no collisions take place above the surface, and it was shown that the 

measured distributions correspond well to the initial translational energies of leaving 

particles. 

At higher fluences and for thicker solids, the intense ejection of parent 

molecule has been generally observed and, accordingly, this phenomenon was named 

‘explosive photodesorption’. Furthermore, no molecular selectivity has been indicated 

in this fluence range. The translational energies are generally found to be very high, 

while the distributions are not well described by Maxwellian ones. Domen and 

Chuang [68] first suggested that ‘explosive photodesorption’ is very similar to the 

photoablation of polymers. Furthermore, they suggest that it must be thermal in 

nature. Interestingly, in one systematic study of laser induced ejection from NO 

cryogenic solids [70], at high fluences the translational distributions were found to 

change, becoming faster and sharper. This change was attributed to the 

formation/development of supersonic beam due to the large amount of the desorbing 

material. No other mechanistic explanation was given for this change in the 

translational characteristics. However, this change in fact may be characteristic of UV 

ablation.  

In a series of studies, Leone’s group, examined the characteristics of the 

translational distributions and internal energy distributions of ablated molecules from 
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cryogenic films [71-74]. In the explosive desorption of a number of solids [71], the 

vaporized molecules are found to be translationally fast (Ttrans ≥ 1000 °K) but 

vibrationally and rotationally cold (≤ 200 °K). These results support the idea, that in 

ablation, molecular ejection has the characteristics of a supersonic beam, where the 

internal energy (vibrations-rotations) of the molecules is transferred into translational 

degrees, because of the high number of collisions between the desorbed molecules in 

the plume. Yet, collision-induced cooling could not explain all observables and the 

authors conclude that further parameters affect the translational distributions in the 

explosive desorption process.  

Most important work has been reported by Braun and Hess on the ablation of 

C6H6 films induced by pulsed IR irradiation [75]. They found that the desorbate most 

probable translational energy (ETRANS) does not increase monotonically with laser 

fluence (FLASER), but, instead it shows a ‘phase-transition’-like dependence. The 

FLASER range over which the characteristic ‘plateau’ of the diagram appears 

corresponds to film temperatures that are suggestive of the solid-liquid transformation 

of the compound. In view of this result, ablation, at least in the IR spectral region, 

seems to be essentially photothermal in nature. Furthermore they suggested their 

observations may also hold for the UV-induced ablation of cryogenic films. However, 

we can argue first, that the correspondence between a ETRANS vs FLASER diagram with 

a (P, T) thermodynamic diagram is certainly not necessarily valid. Second, in fact the 

authors did not really specify the ablation threshold of the system, so the relationship 

between the plateau and the ablation threshold is not clear. In fact, Masuhara et al. 

[38] failed to find any correspondence between the ablative thresholds and the 

thermodynamic properties of the compounds. Sputtering efficiencies were suggested 

to correlate, instead, with the photochemical activity of the studied compounds. 
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Figure 1-2. Kinetic energy as a function of incident laser fluence for benzene films (graph is 
from ref. [75]). 

 

Niino and coworkers [76-77] studies on cryogenic solids generally strongly 

indicate the potential of the use of the cryogenic solids in material processing. 

However, aside from the potential for material processing, their mechanistic 

suggestions are generally indirect and thus we do not present in detail. 

Finally, ejection from frozen solutions doped with polymers have provided the 

basis of a novel deposition technique, Matrix Assisted Pulsed Laser Evaporation. 

Mechanistic studies have been initiated only recently [28, 78].  

 

1.7 SCOPE AND OUTLINE OF THE THESIS 

• In previous studies, the ejection efficiency of non-absorbing dopants dissolved 

within an absorbing matrix (toluene) was examined as a function of laser fluence. The 

dopants do not absorb at the irradiation wavelength, and differ only in their (inter-

molecular) binding energies to the matrix. Thus, the desorption of dopants is 

characteristic of the nature of energy dissipation in the solid resulting in material 

ejection, i.e. an assessment of the contribution of ‘thermal’ vs. ‘non-thermal’ 

processes is attained. We have shown that, qualitatively, there is an agreement 

between the experimental results on (CH3)2O/C6H5CH3 and C10H22/C6H5CH3 and MD 

simulations on these systems. Both agree in that up to some fluence, desorption 

intensities are consistent with a thermal (evaporation) mechanism whereas above a 
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threshold fluence, dynamics clearly differ from a ‘simple’ thermal process and can be 

more consistently accounted by ‘phase explosion’ or ‘explosive boiling’. 

• The qualitative agreement between experiments and MD simulations 

notwithstanding, the MD simulations in order to be performed require the introduction 

of a number of simplifications, in particular the assumption of a very small optical 

penetration depth (much smaller than the experimental one), the neglect of electronic 

degrees of freedom, assumption of unrealistically small heat capacities (due to the 

neglect of the internal degrees of freedom of the molecules). In view of these 

simplifications, the agreement between theoretical and experimental results has been 

questioned. To this end, we have returned to the initial studies for the detailed 

quantitative analysis of the results. 

• We find that below the ablation threshold, analysis of the data results in 

activation energies for the desorption of toluene and dopants that are in very good 

agreement with the energies specified by thermal desorption spectroscopy. However, 

the temperatures estimated at the ablation thresholds are much lower than the 

temperatures assumed by theoretical models and MD simulations (spinodal 

temperatures). Both suggest that ablation is due to ‘phase explosion’ (i.e., by a 

process which entails long-scale coherent motions of the atoms /particles of the 

system), whereas we indicate that explosive boiling is the responsible process, 

entailing localized bubble formation at temperatures between the boiling temperature 

(at the external pressure) and well below Tsp. It is clear that despite the qualitative 

agreement with the experiments, MD simulations fail in the quantitative description of 

the phenomenon. A similar discrepancy is indicated by the examination of bubble 

dynamics studied in Chapter 5. 

• Matrix-Assisted-Pulsed-Laser-Evaporation (MAPLE) has emerged as a highly 

promising technique for the deposition of polymers and biopolymers in 

intact and functional form. However, mechanistic understanding of the 

procedure is still limited. In particular, studies have been presented claiming that the 

process is incompatible with a thermal mechanism, in contradiction to the conclusions 

reached in the study of the toluene system. Herein, we examine laser (248 nm) 

induced desorption from condensed CHCl3 solid, which has been employed as 

potential matrix in MAPLE. We find that the absorption of the condensed halocarbon 

increases significantly with successive laser pulses, as a 
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result of the formation and accumulation of strongly absorbing products. 

In view of the pronounced increase in solid absorptivity, the mechanistic 

difficulties indicated in studies employing multipulse irradiation 

protocols are resolved. A number of additional implications are also 

discussed. 

 

• The main objective, however, of this thesis has been to examine the phase 

transformations induced in molecular systems (solids) upon irradiation with 

nanosecond laser pulses. To this end, we choose C6H5CH3, which upon vapor 

condensation at low temperatures, forms a glass of high optical quality. Thus, its 

structural changes upon UV (248 nm) laser irradiation can be probed via optical 

transmission/reflection and imaging.  

 

• We demonstrate that distinctly different structural processes occur in different 

fluence ranges. Irradiation in the ~15-30 mJ/cm2 range results in devitrification, 

whereas irradiation at higher fluences results in annealed glass re-formation. 

Devitrification-vitrification can be alternately effected by appropriately tuning the 

laser fluence. The capability of pulsed laser irradiation for inducing phase 

transformations in molecular systems provides the potential for high time-resolved 

studies of the dynamics of molecular glasses. In particular, the dynamics of the laser-

induced vitrification/devitrification shows differences from that of the phase changes 

induced in conventional thermogravimetric studies. We ascribe these differences in 

the orders-of-magnitude higher rates of heating and cooling involved in laser heating. 

 

• Most importantly, at higher laser fluences, but still well below the ablation 

threshold, (homogeneous) bubble formation at 60-100ns is demonstrated. The density 

and size of the bubbles increases with increasing laser fluence. However, below the 

ablation threshold, the bubbles eventually decay (at ∼100 -200 ns). In contrast, above 

the ablation threshold, material ejection (plume formation) is observed following 

bubble formation. The observation of bubble formation at fluences well below the 

ablation threshold, in combination with the previous mass spectrometric study of the 

desorption dynamics, demonstrates that ablation is due to explosive boiling. This is 

the first demonstration of melting and subsequent superheating of molecular systems 
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in UV laser irradiation which shows that in the nanosecond case ablation is due to 

“explosive boiling” due to overheating of the film. Most importantly, nucleation is 

observed at fluences/ temperatures well below those indicated by classical nucleation 

theory. This discrepancy cannot be ascribed to the factors/ limitations invoked in 

corresponding studies on liquids (e.g. heterogeneous bubble formation). Thus, bubble 

nucleation/ growth is not quantitatively well described in laser irradiation of solids. 

• Most importantly, a pronounced dependence of bubble nucleation on the 

structure of the as-deposited solid is observed. This is most surprising given that 

melting should be much faster and, thus, bubble formation should not keep “any 

memory” of the solid structure. This demonstrates that the simple "solid to-liquid-to 

bubble nucleation-to gas" model may not be applicable. We suggest that nucleation 

occurs competitively with melting and, thus, provides the means for the observed 

dependence. Tentatively, we ascribe these effects to the sensitivity (dependence) of 

bubble nucleation on the extent of free volume, presence of defects, variations in the 

crystallinity etc. of the solid. 

• These studies have been extended to the examination of the phase 

transformations induced in the irradiation of dopant/toluene bi-component cryogenic 

systems, where dopants include (CH3)2O, C6H12, C10H22. Qualitatively, similar 

dynamics as for the neat C6H5CH3 films/solids are observed, however, in their case, 

segregation effects dominate the processes. 

• Finally, explosive boiling has been examined in the irradiation of solutions of 

polystyrene and metallic nanoparticles of different sizes. In this case, bubble 

formation at 40-70 ns is observed. Bubble formation is facilitated in the case of the 

polystyrene nanoparticles, evidently due to the formation of gaseous species by the 

photolysis of the nanoparticles. 
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CHAPTER 2. EXPERIMENTAL 

2.1  VACUUM APPARATUS 

 
All experiments are performed in a home-built stainless steel ultra-high-

vacuum (UHV) system consisting of three units: (a) the inlet system for the handling 

and introduction of the gases into the cell (b) the deposition cell for the growth of the 

solid and (c) the mass spectrometer chamber where the ejected particles are detected. 

A schematic of the apparatus is depicted in Fig. 2-1. The deposition and spectrometer 

chambers are differentially pumped. 

Figure 2-1. The vacuum experimental apparatus. V (shutoff valve) F (finemetering valve) P 
(pressure gauge). 

 

2.1.a The Inlet System 

The inlet system is fixed to the deposition cell. The system is equipped with 

three sample holders, a stainless steel tank for the gas mixing and a baratron pressure 

gauge. It is pumped to a background pressure of 10-5 Pa, by a turbomolecular pump 

(Alcatel).  Pumping is necessary for removing humidity of atmosphere or remaining 

impurities that may react with the examined gases. For the same reason, the inlet 

system is subjected to baking (≈300 °C) before every deposition procedure. Mixtures 

of gases are prepared by mixing vapors of the compounds in the tank. Gas ratios in 
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the tank are determined on the basis of the baratron pressure reading and the ideal gas 

law.  

For deposition, the gases are introduced into the first chamber by a 1 mm ID 

stainless steel capillary tube positioned approximately 2 cm away from the center of 

the uv transparent glass substrate. The flow rate of gas is controlled with a needle 

valve. The use of the capillary tube is necessary for introducing the vapour with a 

flow highly directed to the one surface of substrate, thus most of the introduced gas 

condenses on this surface and the system remains at a low total pressure (< 10-3 Pa). 

However in the case of the involatile (solid) compounds (adamantine and 

decapentane), their very low vapour pressure precludes the use of this approach. For 

this reason, in their case, introduction is achieved through the use of a solid-probe unit 

attached directly to the vacuum chamber. The pressure of the compound in the 

vacuum cell is adjusted to a pressure equal to that achieved for the volatile species in 

the case of the other mixtures.  

All employed compounds are from Aldrich and Merck and are of high purity 

(99.8 % or better). In a typical experimental procedure, all samples are first subjected 

to further purification and for removing dissolved air via careful trap-to-trap 

distillation and repeated freeze-pump-thaw cycles.  

 

2.1.b The Deposition Cell 

The deposition cell is pumped by a liquid nitrogen (LN2) baffled 500 l/s 

diffusion pump (Edwards) and is separated from the mass spectrometer chamber by a 

2 mm aperture located on axis. The presence of the aperture is necessary for the 

differential pumping of the two chambers and for protection of the detection system 

from the pressure increase during deposition process. The diffusion pump has been 

chosen because of its large pumping speed and its resistance to corrosion (since in our 

studies most of the examined samples are halo-derivatives which are extremely 

corrosive). However, the use of an oil-diffusion pump introduces the possibility that 

amounts of oil vapour will escape and contaminate the deposition cell. To avoid such 

problems, the operation of the pumping system is determined by an interlock 

electronic circuit as follows: a) Diffusion pump cannot be (warmed up) if first rotating 

pump is not turned on. b) The valve of diffusion pump cannot be opened unless 
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diffusion hasn’t warmed up. Additionally the liquid nitrogen trap located above 

diffusion pump, traps any oil vapours escaping toward deposition cell. Finally the cell 

is equipped with a cold cathode pressure gauge (Edwards). The background pressure 

of the system is ≈5x10-6 Pa.  

A copper frame (35 cm2) holder attached to a LN2 cryostat supports an UV-

transparent substrate (suprasil, 30 mm ∅) for the condensation of gases. Indium is 

fixed carefully between copper and suprasil for attaining good thermal conductivity 

between them. In this way, the substrate is cooled down to 100-120 °K. The 

uncertainty in the temperature refers to the temperature difference that may exist 

between the edge, (i.e, close to copper gasket) and at the center of the substrate. The 

temperature at the center (where irradiation is effected) has been measured by the 

thermocouple to be ≈120 °K. The suprasil lies 10.5 cm from the aperture, which 

separates the deposition cell and the mass spectrometer chamber. The suprasil is 

positioned at an angle of θ=75° to the axis of laser beam and θ=15° according to the 

detection axis. This position has been chosen after many experimental tests for 

maximizing detected signal plume in ablation (ejected perpendicularly to the 

irradiated area) without obstructing the influence of the UV beam.  

For the Thermal Desorption Spectroscopy the copper holder is also equipped 

with a heater, and a thermocouple for the temperature measurement (Thermal 

desorption spectroscopy measurement). The heater is under computer control, so that 

a linear heating ramp from ∼120 °K to 250 °K can be attained (i.e. T(t)=To+at). 

Probing of the desorption signal by the quadrupole mass spectrometer (described in 

the next sections) results in a TDS spectrum as a function of time, which can be then 

related to temperature (Fig. 2-2). The rising edge of the spectrum follows 0-order 

dependence : exp( / )TDS
dN A RT
dt

− = −Ε as expected for desorption from monolayers. 

The technique has been employed for establishing experimentally the binding 

energies of the analytes dissolved within the toluene matrix (Chapter 3). 
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Figure 2-2 TDS spectrum of neat toluene. 

 

Figure 2-3 The Arrhenius (neat toluene) fit to the experimental data (Fig. 2-2). 
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2.2  THE DEPOSITION PROCESS 

In a typical vapor condensation process, the substrate is cooled down to 100-120 °K. 

During gaseous exposure, the pressure in the vacuum chamber (≈4x10-3 Pa) is very carefully 

controlled throughout the deposition, since initial experiments indicated that the morphology 

and crystallinity of the solid is very sensitive to the pressure. We have found that indeed the 

structure of the solids can affect significantly both the desorption efficiencies of ablation and 

the translational distributions of the desorbates. We do not study these effects in this thesis, 

but because of this sensitivity, it is important to control very carefully the condensation 

process of the solid for having reproducible results. In fact we have found out that several 

difficulties noted in previous studies about explaining their results are not due to the 

phenomenon itself, but the fact that film deposition conditions were not carefully controlled. 

On the other hand, this sensitivity suggests that UV ablation may be eventually turn out to be 

a very sensitive “structural” diagnostic tool. Subsequently, the system is pumped down to its 

base pressure (5x10-6 Pa) before irradiation commences.  

 

 

Figure 2-4. The graph depicts the change in the transmittance of the solid C6H5Cl, as a 
function of deposition time (the presence graph is for deposition at a pressure of Pdep=2×10-5 
mbar). 

  

Because of using the capillary tube, the actual pressure between the tube and 

the deposition substrate differs from the pressure reading in the cold cathode gauge 

which is not located close to the substrate. Thus it is not accurate to estimate the solid 

thickness from kinetic theory of gas. Furthermore, this thickness can not be 

determined accurately from a measurement of the introduced gas quantity because not 
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all introduced gas condenses on the substrate. For establishing the thickness of the 

solid, two different techniques have been used. The first is based on monitoring the 

absorption of the solid at 248 nm. Fig. 2-4 illustrates the transmission of the solid 

during deposition at a P∼4x10-3 Pa as a function of time. According to Beer’s law, the 

transmitted light intensity is given by exp( ) exp( )I Io x Io tα α= − = − Α  where Io is the 

incident intensity of the beam, and α is the absorption coefficient of the compound in 

the irradiation wavelength and x the solid thickness1. The initial constant transmission 

represents the actual cooling time for the substrate after filling the LN2 Dewar plus the 

time for formation of a first well defined layer of the gas on the substrate (nucleation 

time).  

The second examination technique is based on the phenomenon of the optical 

interference. A Uniphase He-Ne laser beam (λ=632.8 nm, an output power of 8 mW) 

is incident on the suprasil surface at an angle of ~10° off the surface normal. The laser 

beam is reflected from both the condensed solid/vacuum interface and the 

solid/suprasil interface and the two beams interfere. As the molecular vapor 

condenses on the suprasil surface, because of the difference to the optical path, the 

interference signal (monitored by a photomultiplier tube) oscillates sinusoidally. The 

rate of solid growth is 
tndt

dx
Δ×

=
θ

λ
cos2

 where x is the solid thickness, n the index 

of refraction of the solid and θ the incident angle and Δt is the oscillation period of the 

fringes (Fig. 2-5). For 4x10-3 Pa deposition pressure of toluene we find2  Δt~30 s and 

the corresponding rate is ca. 6.7 nm/s. Furthermore, from the difference in the light-

path length between the light reflected at the top of the sample and the light reflected 

at the sample-substrate interface, the number of the fringe at a certain state of the 

                                                 
1 For establishing the absorption coefficient of the solids of C6H6 and C6H5CH3, similar 

experiments are performed in which deposition is effected via background gas dosing (i.e. a 
certain gas pressure is introduced in the cell without the using of the capillary tube). In that 
way the amount of the condensed material on the substrate can be calculated exactly. 
According to kinetic theory of gases the number of molecules colliding with a surface per 

second is given by 
MT

P10x513.3 22

=Φ where Φ is the collision rate of gas molecules, P the 

pressure in torr, M the molecular weight of the gas molecule and T the temperature. We 
estimate that, without the capillary tube, the thickness of the films formed is ~ 30μm (molar 
density~0.0112 mol/cm2).  

2 The values for toluene are: n=1.496, θ=10, λ=632.8 nm and Δt=30 s. 
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sample is derived to be θ−
λ

= 22 sinnd2N , where λ and θ are the wavelength and 

incident angle, respectively, of the laser light.  
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Figure 2-5. Reflected HeNe laser signal as a function of deposition time of neat C6H5CH3 
gases (in the absence of the capillary tube). 

 

Using both techniques, we estimate that under deposition conditions that we 

use in our experiments (capillary tube and pressure of 4x10-3 Pa) the solid thickness 

(for 30 min deposition) is ∼ 10-20 μm. The optical penetration depth for toluene solid 

is ∼ 2.7 μm, that is much less than its thickness. This means that the deposition 

substrate doesn’t affect in any way the absorption process. 

 

2.3  THE LASER SYSTEMS 

 

In our experiments irradiation is effected with the output of a KrF excimer 

laser (Lambda Physik Compex 110, 248 nm). The FWHM of the beam is 30 ns, with 

peak at 18 ns. The laser beam shaped by an iris and is focused weakly with a quartz 

lens (f.l. = 50 cm) onto the sample. Laser fluence is varied by adjusting the discharge 

voltage of the laser (21-30 kVolt) or by using filters and attenuators. A joulemeter 

(Molektron JPL 4050 10.1 V/J) was used for measuring the energy of the incident 
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laser beam. On average, pulse-to-pulse fluctuation in the laser output is 5 %. The 

experiments reported herein are performed at fixed laser incident and detection angles 

(approximately 75° and 15° with respect to the normal to the surface). Reported 

fluence values are uncorrected for the light scattering at the solid surface. The analysis 

of the transmission experiments indicate scattering losses for most compounds to be 

15-20 % of the incident light.  

 

2.4  OPTICAL IMAGING EXPERIMENTS 

 

Optical/imaging techniques have been employed for monitoring the 

morphological/structural changes of the solid during irradiation. To this end, a cw He-

Ne laser beam (λ=632.8 nm, Uniphase, ∼3-5 mW) is used to probe the spatial and 

temporal evolution of the film reflectivity and/or transmission upon UV irradiation. 

The temperature of the suprasil is kept constant at ~110 K (measured by a 

thermocouple attached to the copper support of the wedge), i.e. below the glass 

transition of C6H5CH3 (~117 K). The substrate can be resistively heated (either for 

examining the temperature-dependence of the structural changes of the glass or for 

annealing of the glass).  

The HeNe beam is shaped via a pinhole and then is carefully aligned within 

the UV-irradiated area of the film (in those experiments, the UV beam was weakly 

focused to an area of 0.63 cm2) at an angle of 8 degrees with respect to the normal of 

the solid surface. The reflected and transmitted beams are detected by either a fast 

photodiode (τres≈1ns, for establishing the temporal evolution together with a fast 400 

MHz oscilloscope) or CCD (578x365 pixels) / ICCD (1024x256, Andor) (for probing 

spatial changes) (Chapter 3).   

The ICCD camera is a combination of an Image Intensifier together with a 

CCD camera. Amplification can be up to 104. The gating can be achieved by 

switching on/off the voltage of the photocathode. Gating periods as short as 5 to 10 ns 

can be achieved.  
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Figure 2-6. The optical/imaging experimental setup. 

 

The synchronization of the ICCD gate trigger with respect to the UV pump 

pulse was achieved by SRS (Stanford Research Systems) delay generator. The delay 

generator triggers the Excimer laser and, after a variable delay, the ICCD. The 

interval of gating (e.g. the time window during which the ICCD collects photons) is 

set by a third pulse. In the experiments 30 to 100 ns have been used as gating periods 

(Δtgate). Both transients photomultiplier signal and detected images was sent to a 

computer for recording and analysis. A standard commercial software (AndorMCD) 

is employed for the processing and analysis of the recorded images. 

The output of a KrF excimer laser (Lambda-Physik Compex, λ=248 nm, τpulse ∼ 30 

ns) is weakly focused (≅ 10x10-2 cm2) normally on the film. Reported UV laser 

fluences are uncorrected for scattering-reflection losses at the solid surface. For 

monitoring the induced morphological changes, a HeNe laser (Uniphase model) or  a 

stabilized diode laser (New Focus, model 6224) beam is shaped and focused within 

the UV irradiated film area at ~100 relatively to the normal to the substrate (in order to 

avoid interference between the beams reflected from the free and back surfaces). The 

transmitted and specularly reflected probe beams, defined by irises, are monitored by 

photomultipliers-PMTs (Hamamatsu, model R5108) coupled with digital oscilloscope 

(Le Croy 500 MHz or 1 GHz). Alternatively, the scattering of the probe beam is 
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examined by blocking the directly-transmitted/ specularly-reflected beams and 

focusing any light around the stopfields on the PMTs. The collection of scattered light 

is limited by the vacuum chamber windows to a solid angle ~20 steradians around the 

normal to the substrate. A standard CCD camera (Nikon Coolpix) is used for 

recording images of the transmitted and reflected probe beams. Standard commercial 

software is employed for the processing and analysis of the recorded images. 

Generally, the most sensitive mode of probing is afforded by the reflection probing. 

Toluene is of high purity (Aldrich 99.5 % purity) and is subjected further to extensive 

trap-to-trap distillation and pump-thaw degassing. 
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CHAPTER 3.  QUANTITATIVE ANALYSIS OF THE                                    

RESULTS UPON 248 NM IRRADIATION OF BINARY MIXTURES 

OF SOLID TOLUENE 

3.1  INTRODUCTION 

 

Our group has examined previously in detail the laser-induced dynamics from 

neat condensed C6H5CH3 solids and from C6H5CH3 /dopant solids as a function of 

laser fluence [28]. The dopants include alkanes (c-C3H6, c-C6H12, C10H22) and 

indicatively ethers/alcohols (CH3)2(CH2)nO, D2O.  The main advantages of these 

dopants are:   (a) they do not absorb at the irradiation wavelength (248 nm) and they 

do not interact electronically with C6H5CH3. Thus, in all the mixtures the same 

amount of energy is absorbed, defined by the molar concentration of toluene. Thus, 

desorption characteristics can be directly associated with the nature of energy 

dissipation mechanisms from toluene to the matrix. In addition, there is no 

complication by plausible photochemical processes or effects (i.e. formation of 

photoproducts) (b) The dopants differ only in their binding energy to the matrix (since 

they interact only by van-der-Waals forces, their binding energy increases nearly 

linearly with increasing number of CH2 units). Thus, they permit to directly examine 

if desorption intensities relate or not to their binding energy to the matrix. For 

instance, for a “pure” thermal mechanism (e.g. sublimation, evaporation or boiling), 

the desorption intensity should scale as kT
binding  

e
ΔΕ

−
, whereas no such relationship is 

expected for other proposed mechanisms such as photochemical or photomechanical 

ones. As a matrix we employ C6H5CH3. It is selected, first, because of the extensive 

thermodynamic and spectroscopic information available for the compound and, 

second, because of its minimal fragmentation, thereby avoiding complications due to 

any photoreactivity. Furthermore, it presents close analogies to the compounds 

employed as matrices in MALDI and it finds increasing use as a solvent in MAPLE 

studies.  
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In previous studies, we have shown that there is qualitative agreement between 

the experimental results on (CH3)2O/C6H5CH3 and C10H22/C6H5CH3 and MD 

simulations on these systems [27]. Both agree in that up to some fluence, desorption 

intensities are consistent with a thermal (evaporation) mechanism whereas above a 

threshold fluence, dynamics clearly differ from a ‘simple’ thermal process and can be 

more consistently accounted by ‘phase explosion’ or ‘explosive boiling’. Although 

these terms are used interchangeable, they correspond to different physical processes. 

MD simulations, in agreement with other semi-quantitative analysis of experimental 

results, seem to suggest ‘phase explosion’. ‘Phase-explosion’ occurs at temperatures 

near or at Tsp (spinodal temperature) and entails long-scale coherent motions of the 

atoms /particles of the system. In contrast, explosive boiling entails localized bubble 

formation at temperatures between the boiling temperature (at the external pressure) 

and well below Tsp. Although this issue appears to be mundane, it is of great 

importance since the temperatures attained significantly affect the (estimation) of the 

thermal effects/ degradation. 

 The qualitative agreement between experiment and MD simulations 

notwithstanding, the latter (MD simulations) in order to be performed require the 

introduction of a number of simplifications, in particular the assumption of a very 

small optical penetration depth (much smaller than the experimental one), the neglect 

of electronic degrees of freedom, assumption of unrealistically small heat capacities 

(due to the neglect of the internal degrees of freedom of the molecules). Thus, the 

quantitative comparison is somewhat limited. In view of these simplifications, the 

agreement between theoretical and experimental results has been questioned. To this 

end, we have returned to the initial studies for the detailed quantitative analysis of the 

results. 
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3.2  SUMMARY OF MASS SPECTROSCOPY RESULTS 

 

In the subsequent section, we summarize first the experimental results on the 

desorption intensities of toluene and dopant upon irradiation of the binary cryogenic 

mixtures at 248 nm [79].  

 

3.2.a Neat Toluene Solid  

 

Toluene (C6H5CH3) is a moderately strong absorber3 at 248 nm. Fig. 3-1 

depicts the desorption intensity of C6H5CH3 recorded in the irradiation of neat solid of 

the compound as a function of laser fluence. In the figure, the values indicated for 

fluences > 80 mJ/cm2 represent the signal recorded in the very first pulse from freshly 

deposited solid. At lower fluences, the signal is an average of less than 10 pulses 

because of the low S/N ratio. For ablation with nanosecond laser pulses, assuming 

that the laser energy deposition is given by Beer’s law, the number of the ejected 

species has been suggested to be described by  

ln( )LASER
o

thr

FN N
F

= ×   

where No is the number of molecules in the irradiation volume and the laser 

fluence threshold. According to this, the ablation threshold for neat C

thrF

6H5CH3 films is 

at ∼100 mJ/cm2.  

                                                 
3 Although toluene is a spectroscopically well-characterized molecule, there was no 

accurate absorption coefficient value for the compound in the solid in the literature. 
Therefore, in situ measurements were performed, as described in chapter 2. The absorption 
coefficient of the compound was found to be ≈ 3700 cm-1. This value is somewhat larger than 
that reported in the liquid phase (2400 cm-1) of the compound. A deviation between the 
crystalline and liquid phase is usually observed (due to the perturbation of the excited state, in 
the solid as compared with that in liquid), but in the present case, it is quite significant (and 
not to be overlooked, the toluene deposited at <110 K, is glass).  
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Figure 3-1. The Desorption Intensity of C6H5CH3 recorded from freshly deposited solids as a 
function of the incident laser fluence. The error bars represent 2σ, as determined from at least 
6-7 different measurements of each datum point. The inset depicts in higher detail the 
dependence observed at low laser fluences. 

 

In fact, plotting the data of Fig. 3-1 in a semi-logarithmic format (Fig. 3-2) as a 

function of 1/FLASER, illustrates that below the indicated threshold, the desorption 

intensity exhibits two regimes. In the 20-45 mJ/cm2 range, the intensity has a very 

weak dependence on fluence, which increases abruptly at 45-100 mJ/cm2. Based on 

this apparent change of the desorption intensity, the ablation threshold could be 

argued to be at ~45 mJ/cm2. The change in the FLASER-dependence of the desorption 

yield at 45 mJ/cm2 is accompanied by different dependences of the desorption signals 

of C6H5CH3 on the number of successive laser pulses irradiating the film. Below 45 

mJ/cm2, the signal generally remains relatively constant with successive laser pulses, 

although because of low S/N ratio, the signal had to be averaged over at least 20-30 

pulses. In contrast, at fluences 45-100 mJ/cm2, generally the signal drops 

subsequently after the few first pulses to obtain a constant value. At much higher 

fluences (i.e. above 100 mJ/cm2) the previous dependence becomes more pronounced. 

This effect is observed not only in the mass spectrometer signal, but also in the total 

desorption intensity measured by an open ionization gauge placed across the 
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irradiated area. As it is indicated by the optical examination, this dependence may be 

due to the effect of laser irradiation on the morphology of the film. 

 

Figure 3-2. Semi logarithmic plot of the desorption intensity depicted in Fig. 3-1 as a 
function of 1/FLASER. 

 

However, as demonstrated in the subsequent sections, the comparative 

examination of the ejection efficiencies of dopants does establish that the threshold is 

at 100 mJ/cm2. The observed increase in the signal at 45 mJ/cm2 is instead related to 

the phase transformation namely melting, that the solid undergoes in the irradiation at 

the low fluence regime (20-45 mJ/cm2).  
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3.2.b Examination of Mixture Solids  

 

 

In this section, we present the ejection dynamics of dopants from the toluene 

matrix in the UV irradiation. Fig. 3-3 depicts the desorption yields of dimethylether 

((CH3)2O) and toluene in the irradiation of the C6H5CH3/(CH3)2O (5:1 molar) mixture 

as a function of FLASER. A high (CH3)2O signal is detected even at the lowest fluences 

and its signal increases further with increasing laser fluence. In fact, for fluences up to 

∼ 120 mJ/cm2 its desorption yield is higher than that of C6H5CH3, although its 

concentration in the film is only 1/5 of the matrix. Only at fluences above 120 

mJ/cm2, C6H5CH3 desorption is enhanced over that of the dopant, until finally its 

relative ratio to that of the dopant becomes, within the experimental error, 

representative of the stoichiometry in the initial mixture. Exactly similar features are 

observed for cyclopropane (c-C3H6) and methanol (CH3OH) co-deposited with 

C6H5CH3.  

In general, for a given class of dopants (i.e., ethers, alkanes, etc), at FLASER <100 

mJ/cm2 the desorption intensities for the higher ‘homologues’ are much lower. This 

trend is illustrated in Fig. 3-4, in which the data of Fig. 3-3 are re-plotted as the 

percent concentration of the dopant measured in the gas phase. In fact, at these 

fluences, no signal is detected for C10H22.  
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Figure 3-3. FLASER-dependence of the desorbate intensities of the analyte and of C6H5CH3 
from a 1:5 (molar) mixture of the two compounds as a function of the laser fluence in (a) 
(CH3)2O/C6H5CH3 (b) c-C3H6/C6H5CH3 (c) c-C6H12/C6H5CH3 and (d) C10H22/C6H5CH3. The 
intensities are corrected for the different relative ionization efficiencies of the two compounds 
in the mass spectrometer. 

 
 

 68



0 50 100 150 200 250 300 350
0

5

10

15
0

20
40
60
80

100
0

20
40
60
80

100
0

20
40
60
80

100
0 50 100 150 200 250 300 350

Fluence (mJ/cm2)

 

 

 

 C10H22

 c-C6H12

C
on

ce
nt

ra
tio

n,
 %

 

 

(d)

(c)

(b)

 

 

 c-C3H6

(a)

Fluence (mJ/cm2)

 

 

 (CH3)2O

 
Figure 3-4. Concentration (i.e. I(dopant)/I(dopant)+I(toluene)) for (a) (CH3)2O (b) c-C3H6, (c) 
c-C6H12 and (d) C10H22 in the plume as a function of laser fluence in the irradiation of the 
indicating mixtures of the compounds with C6H5CH3. The horizontal lines indicate the initial 
molar concentration of the solutes in the sample.  
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Similarly to what is found for the neat C6H5CH3 solids, in the semi-

logarithmic plots of the desorbate intensities as a function of 1/FLASER (Fig. 3-5), two 

fluence ranges can be identified with significantly different slopes. At low fluences, 

the slope is very small, although usually not zero. However, above some specific 

fluence, the slope abruptly increases. In the case of doping with dopants that do 

desorb, the change is observed in the desorption signal of toluene, as well as of the 

dopant. This two-range delineation is observed for toluene even in the case of its 

doping with non-desorbing dopants. On the other hand, the fluence at which this 

change occurs differs for the different systems (Table 3.1), increasing as the solid is 

enriched with dopants such as c-C3H6, (CH3)2O and is highest for dopants such as 

C10H22. 

 
For the dopants that do desorb at FLASER <100 mJ/cm2, different dependences 

of their desorption signals on the number of successive laser pulses are observed at 

lower vs. at higher fluences. At fluences < 40-50 mJ/cm2, their signal generally drops 

with successive laser pulses (Fig. 3-6). This drop is weak, but systematic. In contrast, 

in the 50-100 mJ/cm2 range, similarly to what observed for the neat C6H5CH3, the 

pulse dependence of the signals is more complex. However, it is clear that the dopant 

signal increases sharply with successive laser pulses, whereas the toluene signal 

decreases. Thus, although the amount of dopant desorbing per pulse above ∼50 

mJ/cm2 is much higher than that at lower FLASER, the “supply” of dopant does not 

appear to be limited as in the case of irradiation at lower laser fluences.  

The binding energies of the dopants (ETDS) in the deposited solids are 

determined via thermal desorption measurements (TDS) (Table 3-1). The ETDS values 

derive from fits of the rising section of the thermal desorption peaks to zeroth-order 

kinetics, as commonly assumed for desorption from multilayers [80]. For neat 

toluene, the determined value is very close to the sublimation energy of the compound 

[81-82]. For the doped systems, the values determined for C6H5CH3 differ somewhat 

from those for neat solid. The difference can be ascribed to the fact that for the 

relatively high employed dopant concentrations, the dopant-toluene interaction has a 

substantial influence on the desorption energy of C6H5CH3 itself. This trend has also 
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been reproduced by molecular dynamics simulations [27] on the (CH3)2O/ C6H5CH3 

and C10H22/ C6H5CH3 systems. 
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Figure 3-5. Semi-logarithmic plot of the C6H5CH3 and the dopant intensities in the irradiation 
of the mixtures as a function of 1/FLASER. 
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Table 3-1 Parameters derived from the TDS experiments 

System Tdes
(a)          

(K) 

ETDS
(b) 

(kJ/mol) 

neat C6H5CH3 160 40±5 

145 20±5 (CH3)2O/ 

C6H5CH3 155 35±5 

135 ∼12-15 c-C3H6/ 

C6H5CH3 155 30±5 

155 33±5 C6H12/ 

C6H5CH3 160 40±3 

C10H22/   - (77)c

(a) Temperature for the onset of desorption in the TDS experiments. The deviation in the 
determined temperature values is ± 5 0K. 

(b) The activation energy for desorption of the compounds as determined from fittings of the 
rising edge of the TDS curves. 

(c) C10H12 starts desorbing only at high temperatures after C6H5CH3 has largely desorbed. 
The indicated value derives from literature data based on phase equilibria of 
C10H12/C6H5CH3 mixtures [83]. 

 

There are a number of distinct differences between the various systems. 

First, in the FLASER-dependence graphs, the C6H5CH3 signal from the condensed solids 

doped with ‘involatile’ dopants is displaced to higher fluences as compared to the 

ones determined for (CH3)2O/C6H5CH3 and C3H6/C6H5CH3. Thus, in the conventional 

graph of signal vs. lnFLASER (Fig. 3-6), the intercept (i.e. the ablation threshold, Fthr) 

differs according to the employed dopant (Table 3-3). The thickness of the ejected 

material is well described by ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

α
thr

LASER
ejected F

F
ln1~l where α is the absorption coefficient.  

In parallel, the slope of the C6H5CH3 signal as a function of FLASER changes. However, 

if the data are plotted in terms of ‘reduced fluence’ (i.e., FLASER/Fthr), then all curves 
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are essentially superimposable. Furthermore, the maximum C6H5CH3 intensity for the 

C10H22/C6H5CH3 system is lower than that for (CH3)2O/C6H5CH3.  

Second, for the “volatile” (CH3)2O, C3H6, and CH3OH, ejection signals 

‘saturate’ at ~ 100 mJ/cm2, whereas the C6H5CH3 signal continues to increase with 

increasing FLASER (Fig. 3-6). In sharp contrast, for C10H22, the FLASER - dependence of 

its signals corresponds closely to that of C6H5CH3. In fact, in semi-logarithmic plots 

(Fig. 3-6) the data for this dopant exhibit the same slope and FLASER-intercept (i.e. 

ablation threshold) as the matrix (C6H5CH3). 

1 3 7 20 55 148
0

50

100

150

200
0

100

200

300

400
0

100
200
300
400

0

100

200

300

0

100

200

300

1 3 7 20 55 148

ln(FLASER) (mJ/cm2)

 

 C6H5CH3

 C10H22

ln(FLASER) (mJ/cm2)

x 4

 

 

 C6H5CH3

 c-C6H12

 

 

 C6H5CH3

 c-C
3
H

6

D
es

or
pt

io
n 

In
te

ns
ity

 (a
rb

. u
.)

 

 

 C6H5CH3

 (CH
3
)

2
O

 

 

 

 Neat C
6
H

5
CH

3

 
Figure 3-6. Plot of the intensities of C6H5CH3 and of dopants vs ln FLASER. 
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 3.3  ANALYSIS OF THE RESULTS 

 

Here, we turn to the quantitative analysis of the desorbate intensities in the 20 

- 100 mJ/cm2 fluence range from condensed solids of C6H5CH3 enriched with dopants 

(molecules). It is important that all employed dopants absorb negligibly at the 248 nm 

irradiation wavelength. Furthermore, the interaction between the dopants (especially 

the cyclic alkanes) and C6H5CH3 is such that the incorporation of these dopants 

should not affect the absorption coefficient of the matrix (except for the concentration 

factor). Even in the case of the more polarizing D2O and (CH3)2O, in-situ 

measurements do not show any significant change of the absorption coefficient. Thus, 

for all systems the deposited energy per unit solid volume should be the same. 

Consequently, the differences in desorption intensities for the different dopants must 

relate exclusively to the nature of the energy dissipation in the solid and in particular 

to the fact that the dopants are characterized by different binding energies to the 

toluene matrix.  

On the assumption that all absorbed energy is converted into thermal, since 

heat diffusion in these systems is very slow (thermal relaxation time is 

s10050~D1 th
2 μ−α ) the attained (surface) temperature at the end of the laser pulse 

is estimated from   

glass
p

LASER
0 C

F
TT

ρ
α

+=   for T < Tmelting

)T(
F

dT)T(C)TT(C LASERT
Tm

liquid
P0melting

glass
p ρ

α
=∫+−  for T > Tmelting  

 (3. 1) 

(  is the extinction coefficient of the system, (∼10α thD -3 cm2/s) the heat diffusion 

coefficient, the molar density, the molar heat capacity). The second equation 

above neglects the effect of desorption, which as shown below can result in an error. 

We establish experimentally that for F

ρ pC

LASER up to ∼150 mJ/cm2, absorption is single-

photon. For neat C6H5CH3, -as determined in situ [-1
3CH5H6C cm 3700~α 81-82, 95]. 

The initial temperature T0=100K and Tmelting=178.15K. For the 

mixtures, -1
3CH5H6Cmix cm 310065~ =αα , since the dopants do not absorb at 248 nm; 

 and , are, respectively, approximated by the molar-averaged densities and 

the molar heat capacities of the toluene and dopant (Table 3-2).  

mixρ PmixC
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However, a most important complication in relationship with the condition of 

the as-deposited solids should be noted. As we describe in Chapter 5, optical/imaging 

and light scattering studies have shown that the condensed neat C6H5CH3 and doped 

matrices undergo complex structural changes upon irradiation with successive laser 

pulses. In particular, in the 20-30 mJ/cm2 range, devitrification of the glass to 

polycrystalline occurs, whereas irradiation >50 mJ/cm2 results in glass annealing. 

Since the mass spectrometer data at these FLASER represent the average of several laser 

pulses, temperature calculations have also been performed on the basis of 

thermodynamic parameters (Table 3-2) for crystalline samples, i.e. 
cryst
P

cryst

LASER

C

F
T

ρ

α
=Δ  

for T<Tmelting and      

for T>T

LASER

T

Tm

liquid
P

liquid
fusionomelting

cryst
P

cryst FdTTCHTTC αρρ =+Δ+− ∫ )()(

melting. For the mixtures in lack of any information, the  for neat 

C

fusionHΔ

6H5CH3 is assumed. The assumption of crystalline values results in somewhat 

different estimated temperatures and ELASER values (see below) than the ones in Table 

3-2, but the differences are not significant. 

At ~ 30 mJ/cm2 (value uncorrected for any light scattering/reflection losses), 

the surface temperature for the neat toluene solid is estimated to be ≈ 180 K, while in 

the mixtures this temperature is attained at somewhat higher FLASER (due to the lower 

absorption coefficient). Thus, by comparison with the Thermal Desorption (TDS) 

examination (Table 3-1), observation of gas-phase signals for c-C3H6, (CH3)2O, 

C6H5CH3 upon irradiation at FLASER <50 mJ/cm2 is consistent with thermal 

desorption. On the other hand, in the irradiation of C10H22/C6H5CH3 system even at 

100 mJ/cm2, the attained temperature (≈ 300 K) is lower than the temperature (~400-

500 K) indicated as necessary for the dopant desorption, thus accounting for the 

failure of observing it. 
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Table 3-2. The results of the Arrhenius-type analysis of the studied systems. 
 

System Molar average2

 
Cp

 
(J mol-1 K-1) 

Detected 
 

Compound 

ELASER
(Intermediate 

Fluences) 2

 
(kJ/mol) 

Neat 
Toluene 

135 (glass)/ 75 (crystal) 
 

150 (liq.) 

C6H5CH3 34 ± 5 

(CH3)2O 30 Dimethylether/ 
 

Toluene 

130 (glass)/ 70 (crystal) 
 

142 (liq.) 
C6H5CH3 39 

c-C3H6 15 Cyclopropane/ 
 

Toluene 

125 (glass)/ 65 (crystal) 
 

140 (liq.) 
C6H5CH3 35 

c-C6H12 42 Cyclohexane/ 
 

Toluene 

140 (glass)/ 77 (crystal) 
 

153 (liq.) 
C6H5CH3 39 

C10H22 - Decane/ 
 

Toluene 

163 (glass)/ 88 (crystal) 
 

175 (liq.) C6H5CH3 48 
 

 

2The error in the values depends on the accuracy of the procedure in estimating the peak 

temperatures via Eq. (3. 3), as well as in the accuracy in the parameters employed (in 

particular, in the molar average of the heat capacities of the dopant and C6H5CH3, which 

presumes weak interaction between dopant and matrix). Neglecting uncertainties in the 

employed quantities, the error in the ELASER estimations in the mixtures is ∼10 kJ/mol. 

 

3.3.a Demonstration of melting  

The melting point of neat C6H5CH3 is 178.15 K [81], which, based on the 

above estimation, should be reached at ∼30 mJ/cm2, and at somewhat higher FLASER in 

the case of mixtures. (For the C10H22/C6H5CH3 mixture, which is known to form an 

eutectic mixture [83], the melting point at the employed toluene/decane concentration 

is ∼220 K). Thus, at FLASER≤30-40 mJ/cm2 desorption must occur from a ‘softening’ 

glass or partially melt polycrystalline, whereas at higher FLASER, from a heated melt.  

The suggested delineation is, indeed, corroborated by the observation of 

different dependences of the dopant desorption signals on successive laser pulses in 

Fig. 3-7. The gradual decrease of the signal of the volatile dopants below ~40 mJ/cm2 

indicates that at these fluences, the ‘supply’ of the dopant is depleted with successive 
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laser pulses. On the basis of the calibration of the mass spectroscopic signals [79], at 

these FLASER, ~1014 molecules/cm2 of the dopant is estimated to desorb per pulse. 

Estimating the dopant concentration in the mixture to be ≈1×1021 molecules/cm3, the 

total desorption signal detected within the probed pulses corresponds to desorption of 

the dopant from only the upper z ≈1-5 nm of the solid.  

In contrast, in the 50-100 mJ/cm2 range about 2.4x1014 molecules/cm2 to 

6.8x1015 molecules/cm2 of (CH3)2O are estimated to desorb per pulse (the numbers 

correspond to the two limiting fluences) indicating, respectively, effective desorption 

from depth z∼  up to z . (In fact, the total desorbed signal in the probed 

pulses corresponds to effective desorption from much larger depths z∼  up to 

z , demonstrating efficient replenishment of the desorbed dopant via diffusion 

from the underlayers). 
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Figure 3-7.  Desorption intensities of (CH3)2O as a function of the number of successive laser 
pulses in the irradiation of mixtures of these two compounds at the indicated laser fluences. 

 

Solution of Eq. (3. 3) (see below) shows that the time for resolidification is ∼ 

15 μs to ∼ 50 μs. In that case, the diffusion constant of the dopant should be, on 

average, s/cm10tzD 262 −≈≈  up to ~ 10-3 cm2/s. From Einstein-

Stokes
dopantdopant

B

R6π
TkD

η
= , (where : Boltzmann constant, R: the radius of the 

dopant) the viscosity of the matrix is estimated to range, on average, from ~5x10

Bk

η -3 
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Pa.s to ~6x10-6 Pa.s. For comparison, the literature values for the viscosity of toluene 

at 360 K is   Pa31072.2 −×=η .s, whereas at T<200 K, >η 106 Pa.s [84-85]. 

Consequently, the determined high diffusivity values directly demonstrate melting of 

the C6H5CH3 matrix upon laser irradiation.  

We have in fact obtained direct information on the laser-induced 

morphological changes and phase transitions through temporally resolved optical 

examination of the condensed C6H5CH3 solids upon irradiation, as to be described in 

Chapter 5. In particular, this examination has shown that at FLASER > 30 mJ/cm2, 

subsequent cooling of the melt results in glass annealing. As a result of this, the 

binding energy in the solid (glass) increases, thus accounting for the fact that 

desorption signal in subsequent laser pulses decreases even in the case of neat 

C6H5CH3 (where issues about dopant/C6H5CH3 segregation effects are not 

applicable). 

In all, the above results provide strong support for the suggestion of the 

molecular dynamics simulations [17-19, 86] that upon irradiation with ns laser pulses, 

melting takes place at fluences well below the ablation threshold.  

 

3.3.b Quantitative analysis 

For a thermal process, the total (integrated) desorption yield is given by the 

integration of the desorption rate over the temporally varying temperature of the 

matrix surface: 

dt
)t(RT

E
exp

)t(MRT2
1I LASER∫

⎭
⎬
⎫

⎩
⎨
⎧
−

π
≈    (3. 2) 

with T(t) estimated via Eq. (3. 3). (M: molar mass, R: universal gas constant). Most 

interestingly, Arrhenius plots (i.e., semilogarithmic plots of the desorption intensities 

vs. estimated T) showed that in all cases, two fluence ranges can be delineated with 

the data in each range being well described by a linear dependence (Fig. 3-8). For the 

systems with weakly bound dopants, this delineation is observed both for toluene and 

for the dopant (Fig. 3-8). Even for systems with non-desorbing dopants, the toluene 

signal does exhibit the two range delineation. The fluence at which the change from 

the one range to the other occurs is lowest for c-C3H6/C6H5CH3 and 

(CH3)2O/C6H5CH3 systems and highest for the C10H22/C6H5CH3 system (Fig. 3-8). 
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Figure 3-8. Semi-logarithmic plot of the C6H5CH3 and the dopant intensities in the irradiation 
of the mixtures vs. 1/Tpeak. 
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The transition between the two ranges corresponds to temperatures close to the 

melting point of the matrices. Thus, in further support of the discussion in the 

previous section on the pulse dependence of the signals, the delineation of the two 

fluence ranges must represent desorption from two different phases. The small slope 

up to ∼50 mJ/cm2 can be ascribed to desorption from partially melt in the case of the 

polycrystalline samples or a ‘softening’ glass. However, the ELASER values determined 

in this fluence range are much lower than the sublimation energies ETDS. A similar 

discrepancy has been observed for laser-induced desorption (sublimation) from solid 

Si and semiconductors, though the reason for this discrepancy could not be 

established [87]. In our case, the determined values do seem to be in rough agreement 

with the ΔHfusion. However, as noted above, at these fluences, laser irradiation results 

in glass-polycrystalline phase changes, so that the importance of this correspondence 

in the values can not be ascertained at present.  

 
At any rate, the signal at FLASER ≥ 40 -50 mJ/cm2 represents desorption from a 

melt increasingly heated above the melting point. For the doped systems, CP increases 

with increasing dopant size, so that melting, i.e., the ‘break’ in the FLASER-dependence 

of the desorption signal (Fig. 3-8), is effected at higher FLASER.  

For determining the ELASER values for desorption from the melt, it is realized 

that at these fluences, evaporative cooling from the melts is significant. By neglecting 

this contribution, Eq. (3-1) results in estimation of temperatures that are higher than 

those attained. To address this problem, the temporal evolution of the matrix 

temperature above the melting point has been estimated by considering evaporative 

cooling as follows: 
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with the boundary condition 
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∂
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 where kth: 

thermal conductivity, ρ ,  have been defined above, the subscripts 1 and 2 denote 

toluene and dopant, respectively, ΔH

pC

LV≡ETDS the (evaporation) enthalpy as 

determined by the TDS (Table 3-1), x1=0.834 and x2=0.166 represent, respectively, 

the molar concentrations of toluene and dopant (we assume that they do not change 

much from their initial values), P the (saturation) pressures of C6H5CH3 and dopant at 
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T (
⎭
⎬
⎫

⎩
⎨
⎧−∝

RT
E

P TDSexp ). In the case of a single component (i.e., neat toluene solid), Eq. 

(3. 3) reduces to the well established one that has been extensively used in ablation 

studies [4, 88]. The equation is solved via Mathematica. (Fig. 3-9 shows the solution 

on the surface of neat C6H5CH3 glass). Initial simulations on the basis of Eq. (3. 2) 

and (3. 3) showed that if the effect of evaporative cooling is neglected and instead the 

peak temperature is simply estimated by Eq. (3. 1), the desorption activation values 

are estimated to be quite low. It is likely that in MALDI studies, discrepancies that are 

noted between the activation values derived for the laser-induced ejection and 

thermodynamic values may be partly ascribed to the use of the simple formula for 

temperature estimations (of course, in the complex systems employed in MALDI and 

MAPLE, literature data are not usually available to employ the more detailed 

approach). 

The ELASER values that are determined from semi-logarithmic plots of the signals 

vs. 1/Tmax (Fig. 3-8), where Tmax represents the maximum surface temperature attained 

on the basis of Eq. (3. 3), are given in Table 3-2. For all systems, there is good 

correspondence between the ELASER and the TDS activation values, thus, further 

establishing that the laser-induced desorption process in this fluence range 

corresponds to thermal desorption.  

Despite any discrepancies between the TDS and the laser activation values, it is 

interesting that there is such a good correspondence. The TDS values are determined 

from heating of the matrix over a rather small temperature range (typically up to ∼180 

K). In contrast, the ELASER represents desorption from a melt heated above 200 K. As 

the temperature is raised, ΔHvap decreases. Most importantly, as shown in Chapter 5, 

the melt represents a metastable liquid (within which bubble formation occurs) i.e., a 

condition quite different from the solid/glass on which TDS is performed. Direct 

demonstration for phase transformation comes from the optical/imaging examination, 

described in Chapter 5.  
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Figure 3-9. The surface temperature calculated for neat toluene glass as a function of time 
from Eq. (3. 3) where x1=1 and x2=0. 

 

3.3.c Demonstration of the ‘non thermal’ nature of UV Ablation 

 

The most distinct result at FLASER>100 mJ/cm2, as compared to the 10-100 

mJ/cm2 range, is the ejection of the strongly-bound-to-the-matrix decane, adamantine 

and decapentane. These species interact so strongly with C6H5CH3 matrix that in 

thermal desorption measurements (TDS), they desorb at temperatures much higher 

than C6H5CH3. (As a result, their interaction energy to the C6H5CH3 matrix could not 

be determined). From literature data [83-84], for C10H22, the interaction/binding 

energy to C6H5CH3 matrix is estimated to be ~0.8 eV/molecule, much higher than the 

0.5 eV/molecule of C6H5CH3. In phase diagrams of decane/toluene below 350 K, the 

partial pressure of decane in the gas phase is ∼0.015 that of C6H5CH3 [82, 89]. For 

attaining, via thermal desorption, the relative intensities of the two compounds that we 

observe experimentally,  temperatures of ~600 K should be attained, corresponding to 

 ≥ 320 mJ/cmLASERF 2 which are well above the experimentally observed fluence onset 

for their ejection (in fact, due to light scattering at the solid interface, the required UV 

fluences would be even higher). 

The ejection of C10H22, adamantine etc cannot be ascribed to enhanced 

absorption. In transmission measurements on thin C6H5CH3 solids in the 0.7 mJ/cm2 - 
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100 mJ/cm2 range, as well as on C6H5CH3/C10H22 solids at FLASER up to 150 mJ/cm2, 

the log-log plot of the transmitted laser intensity gives a slope of 0.9±0.1. (Deviation 

from the linear fit is observed only at fluences > 200 mJ/cm2, evidently due to 

scattering of the incident laser light by the plume). The negligible contribution of 

multiphoton processes is also suggested by the literature values of excitation cross-

sections for toluene and related aromatics [90]. In view of these considerations, the 

ejection of these species at ≈ 180 mJ/cm2 is incompatible with a “simple” 

vaporization process. This conclusion is further established by the observation that the 

ejection activation energies of ∼40 kJ/mol, derived from the Arrhenius-type analysis 

of their signals as a function of 1/T, are quite lower than the binding energy of the 

compound to the matrix (Fig. 3-7). In fact, recently, in MAPLE studies employing 

frozen toluene solvent, Fitz-Gerald and coworkers have observed [91] even the 

ejection of dissolved polymers (via their deposition on a surface nearby the irradiated 

target) at the same fluences. 

 

The markedly different ejection features at high laser fluences from that at low 

ones unambiguously demonstrate the operation of different ejection mechanisms in 

the corresponding ranges. Accordingly, the ablation threshold represents a physically 

significant parameter. According to the MD simulations [19, 86], the onset of ablation 

is reflected by the unselective, massive ejection of material in the form of clusters. 

Herein, we have demonstrated that the onset of ablation is manifest by the ejection of 

strongly bound to the matrix dopants. Based on the previous discussion, these two 

criteria appear, though still not proven experimentally, to be intimately interrelated. 

The present results account for various observations in MAPLE and MALDI 

studies [92-93], e.g. for the observation that the matrix desorbates are detected at 

fluences much lower than the biopolymers/proteins. In MALDI studies, the reason for 

this observation has been difficult to establish because ions are usually detected. Thus, 

the difference between the two detection limits have been plagued by arguments about 

the contribution of the ionization/ detection efficiency of the biopolymers [93]. 

However, here, this issue is altogether avoided, since neutral desorbates are detected. 

On the basis of our results, the lower fluence range (where only matrix is detected) 

must be ascribed to the thermal desorption/vaporization regime, whereas the latter 

represents the actual ablation threshold. 
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Furthermore, the present study clearly indicates the limitations of Arrhenius-

type analysis of ejection signals. In the present case, such analysis would indicate the 

same activation energy of ejection for the involatile species as for toluene. This 

activation energy does not relate to the binding energy of the specific molecules (as 

often believed), but to the activation energy for process (identified with the bubble 

nucleation energy for ‘explosive boiling’).  

 

3.3.d The case in support of explosive boiling 

As already shown, melting of the matrix takes place at fluences well below the 

ones specified here as identifiable with ablation. Thus, at the ablation threshold, the 

melt is heated well above its melting point. Under the effective zero external pressure, 

this represents a metastable liquid that may undergo explosive boiling [48-51, 94]. 

This suggestion is further supported by the observation that in the ablative regime, 

diffusion of the ‘volatile’ dopants in the underlying solid is high. This high diffusion 

demonstrates that these layers melt during ablation, indicating that the ejected layer is 

overheated well above its melting point. 

The suggestion of explosive boiling can account consistently for the 

experimental observations. Explosive boiling accounts for material ejection in the 

form of clusters/droplets as suggested by the molecular dynamics simulations. This 

aspect has been extensively discussed [26, 92, 26]. We focus instead on the 

implications of the “explosive boiling” mechanism for two observations specific to 

this work. 

First, it accounts for the observed increase of the ablation threshold with 

decreasing ‘volatility’ of the solute. This increase is partly, but not fully, due to the 

change in the heat capacity of the system due to the dopant incorporation. By 

approximating the heat capacity of the systems by the molar average of the heat 

capacities of the dopants and of C6H5CH3, the temperature attained at the ablation 

thresholds for the various systems are given in Table 3-3. Certainly, the 

approximation employed for the calculation of the heat capacity is not accurate for the 

dopants that interact strongly with the matrix. Yet, clearly, the temperatures attained 

at threshold increase systematically with increasing binding energy of the dopant. 

This trend can be explained by the fact that the minimum energy that is required for 

explosive boiling relates to the cohesive energy of the substrate [27, 49]. As shown 
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previously, because of the incorporation of dopants at the relatively high 

concentration of 1:5 dopant/toluene molar ratio (dictated by S/N considerations in the 

desorbates detection), the cohesive energy of the system changes. This in turn is 

reflected in the change of the threshold. In the conventional nucleation theory, the rate 

of bubble formation (necessary for explosive boiling) depends sensitively on the 

surface tension and on the pressure of the vapor within the bubbles, which is nearly 

the saturation pressure of the compound at the liquid temperature (PV)[51]. A higher 

cohesive energy results in an increase of the surface tension and a decrease of PV, thus 

higher temperatures must be attained for bubble growth. Thus, in correspondence with 

the experiment, the ablation threshold is lowest for the system with the smallest 

cohesive energy (i.e., C3H6/C6H5CH3, (CH3)2O/C6H5CH3). This argument also 

explains why the total signal from systems doped with “involatile” dopants is lower 

(Fig. 3-3). 

 

Table 3-3. Ablation thresholds and estimated surface temperatures of the solids (at 
thresholds) for the examined systems in their irradiation at 248 nm. 

System1 

 
Threshold 
Fluence2 

 
(mJ/cm2) 

Estimated 
Temperature 
at Threshold 

(K)3

Tsp
4

 
(K) 

Neat C6H5CH3 
 

100 ± 10 340 473 

(CH3)2O/ C6H5CH3 
 

110 ± 10 300 450 

c-C3H6/ C6H5CH3 
 

90 ± 10 270 448 

c-C6H12/ C6H5CH3 
 

120 ± 20 330 470 

C10H22/ C6H5CH3 
 

180 ± 30 360 480 
 
1 All mixtures have a 5:1 toluene to dopant molar ratio. 
2 Thresholds determined from signal~ln(FLASER/Fthr). 
3 The values differ somewhat depending on whether the systems are assumed to be glassy or 
polycrystalline, though the differences are not significant. The heat capacity of the doped 
systems is approximated by the molar average of the heat capacities of the dopant and 
C6H5CH3. Since this estimation assumes weak interaction between dopant and matrix, the T 
for C10H22/ C6H5CH3 system represents a rough estimate.4 Ts: spinodal decomposition 
temperature, are taken either from literature values [mix

spT 50] or approximated as the molar-

averaged values of the values of the neat compounds. spT
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Second, the assumption of explosive boiling also provides a rational for the 

ejection of the “involatile” species exclusively within clusters of the matrix. The 

relative desorption rates of the two components (dopant, matrix) into the bubbles is 

specified by (ΔE represents the binding energy of the component 

in the condensed phase). (For mixtures, an additional factor is usually included for 

accounting for the replenishment of the molecules vaporized into the bubble by 

diffusion from the bulk. In the present case, due to the high dopant concentration, this 

factor is not significant.) Thus, in the mixtures with the weakly bound dopants, the 

bubbles are mainly composed of the dopant. In contrast, in the systems with the 

strongly bound dopants, the growing bubbles are mainly/exclusively composed of 

C

matrixdopant EE ee Δ−Δ− /

6H5CH3 vapor, with the dopants ejected within droplets of the matrix. 

In all, the experimental results are fully consistent with the operation of 

explosive boiling. However, as indicated in Table 3-3, the estimated surface 

temperatures are rather low (e.g., for neat C6H5CH3, at threshold estimated to be ~ 

350-380 0K). This value is certainly well above the melting point of C6H5CH3, but not 

quite as high as expected from theoretical considerations, which generally associate 

ablation with spinodal decomposition, attained at temperatures ~0.8Tc (~ 470 K for 

toluene, where Tc=critical temperature)[95]. It is well known that the attained liquid 

overheating depends critically on the presence of impurities or surface 

inhomogeneities that may promote the competing process of heterogeneous boiling 

[29, 96]. In the present case, we have ensured that the samples are thoroughly purified 

and degassed. Besides, the results have been verified over 10 times, each time with 

different samples. 

The above result would seem to provide support for the MD simulations [97] 

that in the laser irradiation of molecular solids, the Miotello-Kelly of phase explosion 

model is not applicable and that instead heterogeneous-type nucleation of gas bubbles 

takes place at the solid-liquid boundaries; the cavities eventually coalesce, causing the 

ejection of a relatively large layer. This suggestion can account for our observation 

that material ejection is initiated at temperatures lower than ~0.8Tc. In fact, as we 

describe elsewhere, in experiments of directly monitoring bubble formation via 

optical scattering method, we have observed a pronounced dependence of the bubble 

formation on the solid structure. This provides further support to the suggestion that 
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the simple model of phase explosion of a superheated liquid does not adequately 

describe the laser ablation of molecular solids.  

 

3.4  CONCLUSIONS 

 

In the present chapter, we have presented quantitative analysis of the 

desorption dynamics in the irradiation of van der Waals solids of neat toluene, as well 

as of bi-component mixtures of toluene with ether and alkanes, studied previously 

[27]. We show that in the fluence range up to ~100-150 mJ/cm2, the activation 

energies determined for the desorption of toluene and for the dopants is shown to be 

in very good correspondence with their binding energies to the matrix (as determined 

by thermal desorption spectroscopy). The quantitative analysis has been extended to 

examine diffusion of the dopants in the matrix with successive laser pulses. The 

results are also indicative of the occurrence of a phase transformation (melting) at 

fluences well below the ablation threshold. The occurrence of melting at quite low 

fluences demonstrates that ablation is initiated from a liquid well-overheated above 

the melting point, consistent with the “explosive boiling” model. However, the 

estimated temperatures at the ablation thresholds are well below the spinodal 

temperatures, which is inconsistent with the predictions of thermodynamic models 

and molecular dynamics simulations. This suggests that these models, though 

qualitatively describe well the processes, are still limited in the quantitative 

description of the processes. 
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CHAPTER 4.  INCUBATION IN THE UV IRRADIATION OF 

CONDENSED CHCL3 SOLIDS: MECHANISTIC IMPLICATIONS 

FOR MAPLE 

 

4.1 INTRODUCTION 

Studies on laser-induced material ejection from cryogenic solids were initiated 

in early 90’s by a number of groups [67-69, 98] as a way of producing supersonic 

beams of neutral atoms and of radicals for implementation in reaction and molecular 

dynamics studies, for enhanced etching of microelectronics, etc. In parallel, extensive 

work was performed (using cryogenic films as model systems) for studying the 

fundamental mechanisms underlying the interaction of lasers with cryogenic solids 

[75, 98, 100]. A wealth of phenomena has been observed. In particular, these studies 

demonstrated that at high enough laser fluences (FLASER), explosive photodesorption 

takes place, with the phenomenon exhibiting close similarities to the ablation of 

polymers and biopolymers. 

More recently, laser-induced material ejection from cryogenic solids has been 

exploited in the form of “Matrix Assisted Pulsed Laser Evaporation” (MAPLE) for 

the deposition of biopolymers. MAPLE is a variation of Pulsed Laser Deposition 

(PLD) and was introduced [101] in order to face the challenge of depositing 

organic/polymeric materials with minimal thermal or chemical decomposition. To this 

end, the polymers/biomolecules are dissolved in an absorbing solvent. Because the 

laser energy is absorbed mainly by the solvent/matrix and not by the polymer, the 

“violent nature” of laser interaction is largely reduced (at least, the photochemical 

deleterious modifications to the polymer). The studies thus far [101-104] have clearly 

demonstrated the potential of MAPLE for the deposition of a wide range of organic 

macromolecules (e.g. carbohydrates polysaccharides or even of larger biological 

structures (e.g. viruses, cells, etc) in intact and functional form. 

Despite these successes, the mechanistic understanding of MAPLE and in 

particular of the ejection process remains quite limited. Yet, much information can be 

obtained from the previous studies on cryogenic films/ solids [75, 98-100].  
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In a recent work on MAPLE, employing CHCl3 as a condensed solvent, the 

etching rate was found to be much higher than estimated from thermal desorption on 

the basis of the absorption coefficient of the compound [105]. The authors examined a 

number of mechanisms, but all seem to fail to account for the observed etching rates. 

However, the etching depths were determined from the profilometric examination of 

spots obtained upon irradiation with ~ 6500 laser pulses. However, for photolabile 

compounds, such as C6H5Cl, multipulse protocols can result in significant 

complications [106]. We show here that upon irradiation at 248 nm of CHCl3 

matrices, formation and accumulation of a variety of chlorocarbon products occurs. 

CHCl3 (generally the CHxCly halocarbons) is nearly transparent at 248 nm, whereas 

the products formed by its photolysis are strongly absorbing. As a result, a typical 

‘incubation’ effect is observed and the analysis of the results on the basis of the 

absorption coefficient of the parent compound is erroneous. Instead, in view of the 

effected absorption changes, laser-induced material ejection from CHCl3 can be 

consistently accounted for within established laser ablation models. 

 

4.2 RESULTS AND DISCUSSION 

 

4.2.a Characterization of the CH3Cl Desorption 

Halocarbons (CHxCly) including CHCl3 absorb minimally at 248 nm (e.g. the 

cross-section in the gas-phase is reported to be ~ 10-24 cm2 and ~ 0.1 cm-1 in liquid) 

[107]. Thus, massive material ejection (ablation) is observed upon irradiation of the 

condensed solid of the compound only at high laser fluences (FLASER > 250 mJ/cm2). 

At FLASER <250 mJ/cm2, desorption from as-deposited solids is initially low and 

nearly negligible at FLASER ≤ 100 mJ/cm2. With successive laser pulses, however, the 

C6H5CH3 desorption signals increase nearly exponentially, until reaching levels 

characteristic of the irradiating fluence (Fig. 4-1). These intensity variations are much 

more pronounced than the ones observed upon irradiation of photoinert compounds 

(e.g. C6H5CH3). Furthermore, for those systems, the dependence is quite different 

from the ones observed here, with the signals decreasing with successive laser pulses, 

an effect ascribable to laser annealing of the as-deposited amorphous films.  
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Exactly the same dependence on successive laser pulses as in Fig. 4-1 is 

observed when the (total) desorbate signal (pressure) is monitored by a wide angle 

(open) ionization gauge placed close to the irradiated solid. Thus, the changes in Fig. 

1 are not due to changes in the angular distribution of the ejecta, but instead reflect an 

increase in the ejection efficiency (yields) from the film.  

In parallel to the intensity changes, the desorbates velocity distributions also 

change. In the first few pulses, the TOF spectra are well described by a single 

Maxwell-Boltzmann distribution (with T in the range of 250-350 K). In contrast, the 

spectra recorded following irradiation with many pulses are relatively sharp, peaking 

at comparatively high kinetic energies (~ 0.7-1 eV). As shown elsewhere [28, 108], 

such a change is indicative of a change in the ejection process.  
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Figure 4-1. Evolution of the CHCl3 desorption intensity with successive laser pulses in the 
irradiation of as-deposited CHCl3 solids at 248 nm. The error bars represent 2σ, as determined 
from at least five different experimental runs. The measurements here have been performed 
with the open structure gauge. 
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Figure 4-2. Bar representation of the ‘memory effects’ observed in the irradiation of CHCl3 
films at 248 nm (Panel 2). Panel 1 illustrates the intensity from freshly deposited films 
irradiated at 100 mJ/cm2. In Panel 2, as-deposited solid is first irradiated with 2 pulses at 215 
mJ/cm2 and subsequently irradiated at 105 mJ/cm2. Clearly, previous irradiation of the solid at 
a high laser fluence results in a pronounced increase of the ejection efficiency. Similar effects 
have been observed at several different FPUMP - FPROBE combinations.  

 

 

To demonstrate further the influence of previous irradiation on ejection 

dynamics, we irradiated as-condensed solids with few pulses at high FLASER (≈150 – 

200 mJ/cm2) and subsequently recorded the time-of-flight signals at a much lower 

FLASER (i.e. without any intermediate deposition). At all examined “pump-probe” 

FLASER combinations, the signal recorded at the initial ‘probe’ pulses is much higher 

than that attained in the irradiation of as-condensed solids with the same number of 

pulses at the “probe” fluence (Fig. 4-2). 

In recording the TOF spectra from as-deposited solids with successive laser 

pulses, the laser repetition rates of 0.5-1 Hz were employed; in the ‘pump-probe’ 

experiments, identical results were obtained for delays up to 30 min between the 

pump and probe beams. Thus, electronic or thermal factors (i.e., accumulation of heat 

upon successive laser pulses) can be ruled out. Furthermore, since the changes are 

observed well below the ablation threshold, they cannot be ascribed to morphological 

changes affecting the absorption/scattering of the UV beam and/or the angular 

distribution of the desorbates. Instead, the effect is due to chemical modifications of 
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the solids. Indeed, with successive laser pulses, a pronounced increase of the 

absorptivity of the solid at 248 nm is observed (Fig. 4-3).  
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Figure 4-3. Normalized transmitted intensity of the 248 nm laser beam with successive laser 
pulses on a condensed CHCl3 matrix. In all cases, the data are normalized to FTRANS/FINC 
(FINC: incident FLASER, FTRANS: transmitted FLASER recorded in the first pulse for as-condensed 
solid). 

 

In the mass spectrometer examination of the desorbates, HCl desorption is 

detected at FLASER as low as ~ 15 mJ/cm2 from the very first pulse on as-deposited 

solids. (In fact, upon calibration for the different detection efficiencies of the mass 

spectrometer, at low fluences, the intensity of HCl is considerably higher than that of 

the parent compound). The observation of HCl demonstrates that upon 248 nm 

irradiation, CHCl3 photolysis in the film occurs.  In contrast to HCl, other products for 

the first pulses on as-deposited solids are detected in the gas phase only at fluences 

above the ablation threshold, whereas at lower fluences, they are detected only after 

irradiation with a significant number of laser pulses so that signal induction becomes 

significant. However, as shown above, the absorptivity at 248 nm increases 

significantly. The Cl and CHCl2 radicals do not absorb at 248 nm [107]; thus, the 

increase in absorptivity indicates that other chloro-products accumulate. Indeed, upon 
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linear heating of the irradiated CHCl3 solids up to ∼350 K, a number of chlorocarbon 

species, including CHCl2-CCl3, CHCl2-CHCl2 are detected to desorb. We present 

elsewhere a detailed study of the products and of their yields. At any rate it is clear 

that even at fluences well below the ablation threshold, a variety of chloro-substituted 

products are formed. The main or exclusive reason for failing to observe them in the 

gas phase relates to their failure to desorb at low fluences. 

Based on the extensively studied photochemistry of chloroalkanes [107, 109-

112], product formation can be exclusively ascribed to reactions of the Cl and CHCl2 

radicals formed upon UV laser photolysis of the condensed solids. The Cl atom 

produced upon UV photolysis can efficiently abstract hydrogen atom from 

neighboring CHCl3 before ejection (rate parameters: pre-exponential A=1012 cm3s-1 

and activation energy Eact~11.5 kJ/mol) [105]. The Cl atom is so reactive that free Cl 

in the gas-phase is only observed at high fluences well above the ablation threshold 

and is rather weak. Most likely, the detected Cl is formed by secondary dissociation of 

the parent compound in the rarefied part of the ejected plume, where the density of 

CH3Cl may not be sufficient to ‘trap’ the Cl photofragment atoms. 

This suggestion can rationalize how this Cl photofragment “manages” to avoid 

reaction for the formation of HCl or other chloro-species. Since material ejection 

occurs mainly after the end of the laser pulse, photolysis occurs exclusively or mainly 

in the film. Because Cl reacts with C6H12 in ≈10-20 collisions (in liquid [112], but 

presumably with comparable efficiency in matrices, as well), HCl formation is very 

efficient. The CHCl2 and CCl3 can undergo further reactions with CHCl3 and with 

each other to form polyhalogen species with a strong absorption at 248 nm [107].  

 

There are several immediate implications of these results for MAPLE studies.  

The most important implication relates to the observation that at low and 

moderate FLASER, in the first laser pulses on as-deposited solids, only HCl is observed, 

whereas the halocarbon products are ejected only at fluences close or above the 

ablation threshold. As shown, this difference does not relate to reactivity, but only to 

the different ejection dynamics of HCl vs. of the chlorocarbon products. Based on 

previous studies [27-28], these differences can be directly accounted. Because of its 

weak binding to the matrix, HCl desorbs thermally at relatively low temperatures (~ 
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130-150 oK in thermal desorption measurements). In contrast, the chlorocarbon 

products are characterized by a much stronger interaction to the CHCl3 matrix and 

their vapor pressure at the attained temperatures is quite small. Thus, their ejection 

signifies the onset of unselective material ejection (ablation) due to the operation of a 

mechanism other than surface evaporation. The most important point for MAPLE 

studies is that if simple (small) compounds such as CHCl2-CHCl2 cannot desorb 

thermally, then clearly biopolymers with a much higher binding energy (interaction 

strength) to the matrix are ejected only in the ablative regime, i.e. by means other than 

surface thermal evaporation.  

 

The second important implication is that for irradiation at fluences below the 

ablation threshold, the extensive accumulation of products in the film (due to their 

inefficient thermal desorption) results in a significant increase of the absorptivity. Our 

measurements concern neat CHCl3 matrix. Likely, if a biopolymer is dissolved as in 

the MAPLE experiments, the reactions (modifications of the biopolymers) result in 

even more pronounced absorption changes. Clearly, the attained temperatures are 

much higher than those estimated on the basis of the absorption coefficient of the 

parent compound. It is important to note that the effect of incubation is to 

progressively raise the absorption towards the surface. Thus, the changes in 

absorptivity in Fig. 4-1 represent an average over the solid thickness, whereas actually 

laser absorption in the upper layers is much higher. An exact formula for estimating 

the absorption coefficients upon incubation has been given by Karnakis and Dyer 

[113]. Accordingly, a number of mechanisms may become important and result in 

massive material ejection (ablation).  

For ns irradiation of a number of molecular systems, explosive boiling has been 

indicated [27-28, 86, 114-115] to be the dominant mechanism leading to massive 

material ejection. The possibility of this mechanism here is indicated by the fact that 

the estimated temperatures (e.g. ∼300 oK, for the measured absorptivity following 

irradiation at 150 mJ/cm2 with 50 pulses) well exceed the melting point of the 

compound (∼209 oK). Strictly speaking, explosive boiling/phase explosion requires 

temperatures as high as 0.8Tc, (where Tc represents the critical temperature) which for 

CHCl3 corresponds to ∼430 0K [82]. However, in amorphous systems under vacuum, 

explosive boiling may be initiated at lower temperatures.  
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MD simulations [86] on another photoreactive compound, namely 

chlorobenzene, have suggested that reactivity can facilitate material ejection via the 

pressure exerted by gaseous products and via the heat liberated by exothermic 

reactions. For CHCl3, the first factor may not be important, since HCl is the only 

volatile product that we have detected (the rest products do not have high enough 

vapor pressure at the estimated attained temperatures). However, the second factor, 

i.e., contribution of heat liberated, may be significant as the exothermicity of 

abstraction reactions by Cl is particularly high (~ 7.58 kcal/mol) [117-119]. The heat 

thus liberated may increase the surface film temperature to even higher values than 

those estimated by the change in the effective absorptivity.  

Finally, spallation can also account for the ejection of the strongly-bound-to the 

matrix polymers. However, for the estimated effective optical penetration depth of ~ 

5-10 μm, the acoustic relaxation time is smaller than the laser pulse width so that 

stress confinement is rather weak.  

 

4.2.b Reactivity characteristics 

We consider next the reaction paths responsible for the formation of the various 

products observed in the 248 nm irradiation of neat C6H5Cl films. Upon excitation 

with UV light, CH3Cl dissociates in the gas phase and in solution by a process 

involving exclusively C-Cl bond scission to give CH3 and chlorine atom. We consider 

that a similar process takes place in the irradiation of the films. Thermal 

decomposition can be safely discounted (for the C-Cl bond energy ≅3.6 eV, 

/[ ] [ ] [ ] /[ ]AE RT
thermally o

d N Ae No N N
dt

−− = ⇒  be < 10-6 for ms time scales), whereas other 

pathways (as for example, concerted reactions) are not known in either gas-phase or 

solution chemistry of the compound. Instead, all observed products can be 

consistently accounted for by well-known reactions of the CH3 and Cl radicals; 

Cl + CH3Cl → HCl or CH2Cl                (1) 

CH3   + CH2Cl →  (C6H5)2                    (2) 

C6H5 +C6H5Cl →   (C6H5) 2 or C12H9Cl   (3) 

C6H4Cl   + C6H5Cl → C12H8Cl2                (4) 
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The above reactions are observed in the solution and gas phase chemistry of 

halocarbons. In all, despite any kinetic ambiguities, all observed products can be 

consistently accounted for, in terms of reactions known from the gas-phase and 

solution chemistry of C6H5Cl. Thus, it appears that reaction pathways under UV 

ablation does not present any peculiarities. 

 

4.3 CONCLUSIONS 

 

In all, in weakly absorbing systems, induction is important. For polymers, 

induction is a well-known effect, especially for irradiation at weakly absorbed 

wavelengths (e.g. PMMA at 248 nm) and the physical basis (mechanism) appears to 

be the same as in the case of cryogenic solids.  

At any rate, for such systems, particular care must be paid when interpreting the 

results from multipulse laser irradiation experiments. First, the average etching yield 

from multiple pulse experiment can differ significantly from the pulse-to-pulse value. 

In addition, it can be mechanistically misleading: at moderate fluences, for the first 

few pulses, the process is in the sub-ablative regime, in which case the strongly-

bound-dopant e.g. the biopolymer is not ejected; but, after a sufficient number of 

pulses, ablation sets in and the biopolymer is efficiently ejected in the gas phase. 

Thus, relying exclusively on gas-phase diagnostics can be misleading if examination 

is limited at fluences below the ablation threshold. Such a study must be 

complemented by a parallel spectroscopic examination of the products formed in the 

irradiated film. Finally, estimating the laser-induced temperatures on the basis of the 

absorption coefficient of the parent compound is erroneous. The discussion of 

mechanism(s) of laser-induced material ejection from chlorocarbon condensed solids 

must be accordingly reconsidered.  
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CHAPTER 5.                                                                               

LASER-INDUCED VITRIFICATION-DEVITRIFICATION OF 

C6H5CH3 SOLID AT LOW FLUENCES 

 

5.1  INTRODUCTION 
 

Elucidating glass dynamics of molecular compounds is an issue of considerable 

importance in physical chemistry [120]. Although a number of novel techniques have 

been developed to this end, the need for new techniques with high spatial and/or 

temporal resolution remains. In the case of semiconductors and metals, a particular 

informative approach has been afforded by the use of pulsed laser irradiation for 

inducing phase transformations and structural changes [4, 120-126]. These changes 

have found important industrial applications, particularly in microelectronics (e.g. for 

Si annealing, optical recording, etc). In parallel, their investigation has provided 

fundamental information on the kinetics of phase transitions in these systems. In fact, 

a major motivation for these studies has been the examination of melting and 

solidification/crystallization processes under far from thermal equilibrium conditions. 

Experimentally, the studies take advantage of the large optical and conductivity 

changes in these materials upon melting or order-disorder transitions, thus enabling 

temporally monitoring of the laser-induced phase transformations. 

In contrast, the examination or use of pulsed laser-irradiation for inducing 

phase transitions in molecular/organic systems has been quite limited. In polymers, 

various morphological changes are observed [4], but these relate to complex 

processes, including debris deposition, thermal decomposition, other chemical 

modifications etc. Thus, despite their interest for applications, these effects in 

polymers do not yield direct information on the dynamics of phase transformations. 

On the other hand, the experimental examination of photo-induced structural 

processes in simple molecular/ organic systems is hindered by a number of 

difficulties. Simple organics are generally amorphous or powdery and, thus, highly 

optically scattering. Furthermore, their optical properties (i.e., refractive index, 

absorption etc) do not change much upon phase change (e.g. melting). Combined, 
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these two factors limit the potential of optical techniques for monitoring phase 

transformations of molecular substrates. 

The above problems are largely alleviated in the study of molecular/organic 

glasses. To this end, we chose to examine toluene, which is one of the simplest 

organic liquids known to supercool easily to the point of vitrification (Tg~117 K) 

[127-128]. Therefore, upon vapor condensation at lower temperatures, C6H5CH3 may 

form a glass of high optical quality, thus enabling optical monitoring of laser-induced 

structural processes. Furthermore, we have examined, previously, the UV laser-

induced desorption from condensed C6H5CH3 matrices and provided evidence for the 

thermal nature of interaction below the ablation threshold (100 mJ/cm2) [27-28]. In 

that case, we would expect laser irradiation to result in structural phase 

transformations similar to those that have been observed in conventional thermo-

gravimetric studies of toluene. However, laser irradiation entails orders-of-magnitude 

higher heating rates that may result in new dynamics, and affords, in addition, the 

possibility for high time-resolved probing.  

We show that irradiation at low fluences (15-30 mJ/cm2) results, indeed, in 

polycrystalline formation (devitrification). In contrast, irradiation at higher fluences 

results in melting, and upon the subsequent cooling, annealed glass is formed. 

Vitrification and devitrification can be alternately induced by appropriately adjusting 

the laser fluence. The time scale of these processes is established. Laser-induced 

devitrification is indicated to occur at higher temperatures than observed in 

conventional (slow) heating experiments. The extent of devitrification depends 

critically on the pre-existence of defects or nuclei. Both these features are ascribed to 

the very high cooling rates in the case of the laser irradiation, thus suppressing 

devitrification. Yet, when devitrification on pre-existing defects/nuclei does occur, the 

growth rate is found to be higher than accounted by simple nucleation models. In 

addition, devitrification/ crystallization is limited to the upper (surface) layers of the 

matrix. Plausible factors/mechanisms responsible for these features are advanced. At 

any rate the study demonstrates the high potential for the examination of the dynamics 

of molecular glasses. 
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5.2  RESULTS  

 

5.2.a Optical imaging examination (Permanent changes) 

 
Fig. 5-1 shows images of the reflected probing beam recorded upon irradiation 

of C6H5CH3 glass with an increasing number of laser pulses at two UV laser fluences, 

whereas for the quantitative evaluation, the intensity of the specularly reflected probe 

beam has been monitored by photomultiplier tubes (PMTs) (Fig. 5-2). Similar, albeit 

not as pronounced, dependences are also observed for the transmitted probe beam 

intensity. Both imaging and optical examinations demonstrate that distinct 

morphological changes are induced to the glass in different UV laser fluence ranges:  

• At FLASER <15 mJ/cm2, no changes are detectable in the images, and the 

transmitted and reflected probe beam intensities (measured by PMTs) remain constant 

(within 5%-10%), even after irradiation with more than ∼2000 UV laser pulses.  

•  In contrast, upon irradiation in the 15-30 mJ/cm2 range, the intensities of the 

specularly reflected and of the transmitted probe beams are found to decrease sharply 

with successive laser pulses. Clearly, the probe beam suffers considerable scattering 

upon irradiation of the C6H5CH3 glass with successive UV laser pulses. After ~130-

150 pulses, the probe beam becomes so diffuse that hardly any reflected and 

transmitted signal is detected. Under broadband illumination, the irradiated area 

exhibits the ‘whitish/milky’ appearance typical of polycrystalline samples (Fig. 5-

3(a)). Thus, in this fluence range, devitrification of the condensed glass occurs. 

• Surprisingly, upon irradiation at higher UV fluences (30-50 mJ/cm2), 

scattering of the probe beam is minimal. In fact, in this fluence range, film reflectivity 

increases by as much as ~30-50 % following the first few laser pulses (Fig. 5-2). 

Since in parallel the transmission increases somewhat, the change is due to the 

reduction of the scattering of the probing beam, thus indicating that annealing of the 

as-deposited glass takes place. The irradiated area remains of high optical quality  

(transparent and reflective), even after irradiation with more than 200 laser pulses and 

its eventual deterioration can be ascribed to the influence of the inhomogeneities of 

the laser beam (resulting in locally different temperatures and morphological changes) 

(Figs. 5-1(b) and 5-3(b)). 
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Figure 5-1. Images of the reflected probe beam recorded following irradiation of as-
condensed C6H5CH3 glass with the indicated number of pulses at (a) 18 mJ/cm2, (b) 45 
mJ/cm2. The first image in each sequence represents the beam image recorded before UV 
laser irradiation. 
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Figure 5-2.  Pulse dependence of the intensity of the specularly reflected probe beam (as 
measured by a PMT) at various UV laser fluences. The values at 0 number of pulses represent 
the (initial) reflected intensity from the as-deposited films. In the 30-40 mJ/cm2, the 
maximum reflectivity value is attained upon irradiation of the as-deposited glass with just a 
single laser pulse. 
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• In the 50-100 mJ/cm2 range, annealing of the as-deposited glass is again 

induced, but not as “effectively” as in the 30-50 mJ/cm2 range. As shown in Chapter 

6, new processes are induced in this fluence range, namely bubble formation/decay 

resulting in hydrodynamic flow of the melt, which compromises the optical quality of 

the revitrified glass. For this reason, this fluence range is not considered further here. 

 

 
Figure 5-3. Photographs of irradiated C6H5CH3 glasses at (a) 18 mJ/cm2 with 300 pulses and  
(b) at 40 mJ/cm2 with 3 pulses. 
 

 

To demonstrate further that the observed optical changes represent 

morphological/structural changes, as-deposited glasses have been irradiated with a 

sufficient number (100-200) of UV laser pulses at ≈15-30 mJ/cm2, thus resulting in 

polycrystalline formation. Subsequent irradiation of the irradiated area with a single 

laser pulse in the 40-90 mJ/cm2 fluence range results in nearly complete recovery of 

the reflectivity/transmission. Such cycles have been repeated several times (∼10 

times), without any significant deterioration of the optical quality of the recovered 

glass (Fig. 5-4). 
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Figure 5-4. Demonstration of the reversible nature of the induced changes. As-deposited 
C6H5CH3 glass is irradiated in each case with the indicated number of pulses thus resulting in 
the formation of polycrystalline sample. Irradiation of the polycrystalline samples with a 
single pulse at 50 mJ/cm2 results in their vitrification.  

 
 
Interestingly, laser-induced crystallization is found to depend sensitively on 

the glass structure. As shown in Fig. 5-5, under the same irradiation conditions, 

crystallization of the as-deposited glass is initiated upon irradiation with fewer pulses 

than it does in the case of the annealed glass. Moreover, the extent of crystallization is 

higher in the case of the as-deposited glass as indicated by the lower reflectivity (due 

to enhanced scattering) of the as deposited glass. 
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Figure 5-5. Change in the reflectivity of the probe beam upon irradiation of as-deposited and 
well-annealed glasses upon irradiation with successive laser pulses at 20 mJ/cm2-showing that 
initiation of the devitrification depends on the extent of annealing of the glass. 
 
 

5.2.b Scattering Angular Distribution  - Estimation of the size of the crystals 

 

The size of the microcrystals formed upon irradiation in the 15-30 mJ/cm2 

range is estimated by analyzing the angular distribution of the scattered probe 

intensities Iscat(θ) (over 3600 at every 450) on the basis of Mie scattering estimations 

[129] (Fig. 5-6). For the calculation, glassη =1.592 (as estimated from the value at 

room temperature at 633 nm, liquidη =1.4956 and [4102735 −−= *.dt/dη 132], and 

accounting for the free volume of the glass as in Ref. [131]) and ≈crystalη 1.428 

(estimated on the basis of Lorenz formula by assuming the molecular polarizability to 

be the same for liquid and crystal and the molar volume of the crystal is 

∼0.052 cmcrystalliquid VV − 3/g [130]).  The comparison shows that for as-condensed 

glass, in the 10-20 initial pulses, microcrystals of ∼ 600nm-1 μm develop. 

Subsequently, the forward small angle (10-200) scattering becomes particularly 
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intense. From 2 nr q
π≈  with   4 sin( 2)q π θ

λ≈ (λ: probing wavelength, η: refractive 

index of toluene glass, q: scattering wave vector) mr μ1≈ . In fact, in the forward 

direction, scattered light is recorded over the full viewing angle, demonstrating a 

broad distribution of microcrystallite sizes in the range of ~770-1060 nm. At larger 

angles scattering is minimal, which corresponds to microcrystals of ~300-600 nm in 

size. Forward direction normalized scattering becomes more pronounced with 

increasing number of pulses, demonstrating that the size of the microcrystals 

decreases to ~ 400-800 nm (Fig. 5-7). With continuing UV irradiation (>50-60 

pulses), scattering becomes non-symmetric around the probe beam propagation axis 

indicating multiple scattering of the probe beam by a high number of microcrystals. 
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Figure 5-6. The angular distribution of the normalized scattered intensity of the probe beam 
detected upon irradiation of the as-deposited C6H5CH3 glass with the indicated number of 
pulses at ~ 15 mJ/cm2. 
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Figure 5-7. The size of the microcrystals, estimated from Mie scattering calculations, based 
on measurements of the scattered probe beam intensity at the indicated angles with the first 50 
pulses at ~ 15 mJ/cm2. 

 

 

5.2.c Time-Resolved Examination   

The demonstration of laser-induced phase transformations in organic/molecular 

matrices provides the means for monitoring them with a high time resolution (Fig. 5-

8). Despite the low S/N ratio, at 15-30 mJ/cm2, crystallization is initiated very rapidly 

(as evidenced by the fast probe beam intensity reduction), almost within the laser 

pulse duration, and reaches a constant value at ∼100 ns at 15 mJ/cm2 and at ∼500 ns at 

20 mJ/cm2 (though the values differ somewhat depending on the degree of annealing 

of the as-deposited glass). No particular difference is observed in the spectra recorded 

upon irradiation with successive laser pulses, except for an increase in the amplitude 

of the decrease and somewhat in the time scale for reaching a constant value.   
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Figure 5-8. Temporal evolution of the probe beam intensity recorded upon irradiation of the 
C6H5CH3 as-deposited glass (a) in the 15-30 mJ/cm2 range and (b) at 50 mJ/cm2 with the 
indicated number of pulses.  

 

On the other hand, for irradiation at FLASER>30 mJ/cm2, i.e. at the fluences 

resulting in glass annealing, in the spectra recorded with one pulse on as-deposited 

glass, the reflectivity increases for times up to ∼5-10 μs. -A small peak is observed on 

ns time scales, especially for fluences at ∼50 mJ/cm2 and above. This peak can be 

ascribed to the onset of bubble formation in the melt, as a result of being in metastable 

condition. This will be discussed in Chapter 6.- In parallel with the changes in the 

reflection, the transmission also increases on the same time scale. Thus, the increase is 

mainly due to the reduction of the light scattering, demonstrating the dissolution of 

any microcrystalline ‘nuclei’.  

In contrast, in the subsequent laser pulses on the annealed glass, the spectra 

differ considerably. On ns time scales, the reflection decreases, increasing 
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subsequently (on the μs timescale) to attain a value equal to that before irradiation. In 

the corresponding transmission spectra, a small increase is observed which, within the 

S/N ratio, corresponds to the decrease that is observed on nanoseconds in the 

reflection spectra. Clearly, in the subsequent laser pulses, the optical changes are not 

specified by scattering effects. 

 

5.3 DISCUSSION 
 

Clearly, upon irradiation of condensed glass of toluene at 248 nm, well-

defined and distinct structural changes occur in different fluence ranges.  

Upon UV excitation (230-240nm ≤ λ) C6H5CH3 decays by a number of ways. 

In the irradiation of liquid samples at 248 nm (at ambient conditions) at the fluences 

employed in the present study, it was indicated that C6H5CH3 undergoes dissociation 

with a high quantum yield [35-38]. For the solid/condensed samples, however, the 

observed changes are definitely not due to photochemical processes. In fact, as 

indicated before [27-28], desorption dynamics from neat, as well as doped toluene 

matrices, upon irradiation at 248 nm can be well described by a thermal process. 

Thus, we assume nearly complete decay of the absorbed energy into thermal and we 

show that this assumption is fully compatible with the experimental observables. 

The thermal diffusion time is τthermal ~ 1/α2Dth ≈ 65 μs ( pthth CkD ρ/= ρ is the 

molar density, Cp the molar heat capacity, Dth the thermal diffusivity [95] and kth ~ 

0.16 Wm-1K-1 at 180 0K – values for the glass could not be found, so the liquid values 

are employed) i.e. minimal heat diffusion for shorter times. Therefore, at laser 

fluences that cooling due to material desorption can be neglected (<50- 60 mJ/cm2, as 

indicated by mass spectrometric studies and analytical modeling), the matrix surface 

temperature at the end of the laser pulse is accurately estimated by 

ze
C

F
TT

p

LASER α
ρ

α −+= 0 (5.1) where T0=100 K, z the depth from the surface. For 

C6H5CH3 glass (and supercooled liquid) Cp~ 135 J mol-1 K-1, ρglass ∼ 0.0112 mol/cm3 

[82, 95, 127-128]. Furthermore, the enthalpy content of glass is higher than that of the 

crystal (in fact, it depends somewhat on glass formation conditions). From 

calorimetric studies [127], the excess enthalpy of vapor-deposited C6H5CH3 glass (at 
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110 K) is estimated to be ~1.5-2.0 kJ/mole. Presumably, this energy is released upon 

devitrification of the glass. 

From in-situ measurements (on films of ≈1-5 μm thickness), the absorption 

coefficient of vapor-deposited C6H5CH3 glass at 248 nm is established to be α~3700 

cm-1. The value is in excellent agreement with the absorption spectrum reported in the 

NIST databank (for liquid C6H5CH3) [81]. (Surprisingly, absorption values assumed 

in several studies on the UV ablation of liquid C6H5CH3 differ from the published one 

by a factor of 2 to 4). Glass transmissivity at 248 nm is found to be consistent with a 

one-photon absorption, at least, for fluences up to 100 mJ/cm2. In support of this, the 

reported cross-section for two-photon excitation of C6H6 and its monosubstituted 

derivatives [133] indicates that multiphoton processes become important only at 

fluences > 250 mJ/cm2. In addition, the absorptivity of the matrix upon irradiation in 

the 30-50 mJ/cm2 range (where the glass retains a highly smooth morphology and, 

thus, scattering of the UV beam is minimal) is found to be constant with successive 

laser pulses (at least up to ~ 200 pulses). Therefore, at the employed FLASER and 

number of laser pulses, a constant α can be assumed.  

 

Since the solid formed by vapor-deposition of C6H5CH3 at T<117 K is glass, it 

does not undergo a sharp first-order transition to melt, but, as commonly considered 

[134], a gradual “softening” towards the liquid. In competition with this process, a 

glass may undergo de-vitrification to the stable crystalline form. Indeed, in 

conventional (slow) heating experiments C6H5CH3 glass is known to undergo 

crystallization (devitrification) at ≥120 K [127-128] as also confirmed in our system 

upon slow heating (resistive heating at ~1 K/min).  The onset for laser-induced 

devitrification is estimated by Eq. (5.1) to correspond to ∼136 K. However, if we 

assume that the excess enthalpy of the glass is released during devitrification, then T 

is estimated to be ∼150 K. The difference seems small to warrant discussion, but it 

does turn out to have important implications in relationship with the elucidation of the 

laser induced processes. Even at a qualitative level, its significance can be 

appreciated: according to the phenomenological description of glasses, Tglass depends 

on the heating rate, thus, for the high heating rates attained here, Tglass is estimated to 

be ‘attained’ at ~ 135-140 K. Assuming that crystallization proceeds by conventional 
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diffusion-type process, then it can only occur at higher temperatures (‘supercooled 

liquid’). 

 

The main characteristic result is the very high dependence of the laser-

induced devitrification on the pre-existence of defects or nuclei. The significance of 

this dependence is further illustrated by considering the changes for FLASER in the 30-

50 mJ/cm2 range. At these FLASER, the surface temperature of the matrix (at the end of 

the laser pulse) ranges between 180 and 220 K, i.e. melting is effected (melting point: 

178.5 0K at P=1 atm, but the melting point does not vary much with pressure). What 

is surprising here is that the cooling of the melt results in the formation of annealed 

glass, whereas upon cooling below 180 K, devitrification would have been expected, 

exactly as observed for irradiation in the 20-30 mJ/cm2 range. 

The rate of crystallization vs. glass formation is known to depend on the rate 

of cooling, with faster cooling promoting glass formation [134]. Thus, the fact that 

devitrification does not occur for irradiation >30 mJ/cm2 would appear at first to relate 

to the different rate of cooling in the two cases. The temperature evolution in the 

matrix can be estimated from [135-136]  
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where z is the depth from the film surface (erfc: complementary error function). The 

equation represents the solution of the heat diffusion equation under the assumption 

that the initial temperature distribution in the substrate follows Beer’s absorption 

profile. For T<180 K the cooling rate upon irradiation at 50 mJ/cm2 (e.g. at the 

surface of the melt) is lower than the cooling rate upon irradiation at <30 mJ/cm2 (as 

illustrated in Fig. 5-9). Therefore, at the very high cooling rates (106-107 K/s) attained 

upon laser irradiation, devitrification/vitrification are not specified by differences in 

the cooling rates. Instead, based on the experimental result that devitrification is 

highly dependent on the degree of annealing of the glass, the determinant factor seems 

to be the existence or not of defects large enough to promote crystal growth on the 

relevant time scales.  
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Figure 5-9. Temporal evolution of the estimated via Eq. (5.2) temperature attained, on the 
glass surface and at various depths from the surface, upon irradiation at the indicated laser 
fluences.   

 

 

Crystallization can be considered to involve two steps, namely nucleation (i.e., 

formation of crystal nuclei of large enough size) and the subsequent growth of formed 

or pre-existing nuclei. Experimentally, one nucleus, at the very least, must be formed 

on ∼100 ns within ∼1.3 μm (see below), which correspond to nucleation rates J ∼ 1013 

m-3 s-1. On the other hand, theoretically, the rate of crystal nucleation is estimated by 

the classical nucleation model, based on the assumption that nuclei have to grow up to 

a critical nucleus with radius rcr and free energy ΔGcr. If this size is reached, the nuclei 

are going to grow into a (micro)crystal, whereas if rcr is not reached, then they 

dissolve. The classical nucleation theory predicts that  
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where is the (steady state) nucleation rate (at T), ΔGstJ cl the difference in the Gibbs 

energy between crystal and liquid (per unit volume), the constant for self-

diffusion, which is proportional to v=1/2πτ the frequency of molecular transport 

across the embryo/liquid interface and, thus, inversely on the viscosity [

trD

137], d 

represents a characteristic diffusion distance (approximately taken to be the molecular 

diameter), τ  represents the structural relaxation time of mode α, which essentially 

determines viscous diffusion  s [))KT/(Kexp(x. 1044341036 13 −= −τ 138]. We 

calculate ΔGcl from the Cp values reported in [139-140]. The interfacial crystal-liquid 

tension per unit area σ is reported to be 12 mJm-2 [141], though its estimation by 

empirical formula indicates it to be somewhat higher. At T≈Tglass, ΔGcl is quite high 

but J is limited by the very small value of , whereas at high T, DtrD tr is large but the 

driving force is small. J is calculated to attain its maximum value at ∼135 K - 140 K, 

in good correspondence with the observations in thermogravimetric measurements 

[127]. However, the maximum J value is estimated to be 2-4 orders of magnitude 

smaller than the experimentally indicated ones. 

 

It is well known that the classical nucleation model tends to underestimate 

nucleation rates [142-143]. However, the estimated experimental value is also a gross 

underestimation, since we assumed the formation (and the detection!!) of only a 

single nucleus. In addition, Eq. (5. 3) represents the steady-state conditions (at a 

constant temperature), whereas, the lag/induction in nuclei formation should be 

significant (  [s108D16/r);t/exp(JJ 5
tr

2
crst

−×≈π≈ττ−= 144]), comparable or even longer 

to the heating/cooling rates employed here. Thus, crystallization on the relevant time 

and spatial scales can take place only if there are sufficient and large enough pre-

existing nuclei (i.e., larger than the critical size). 

For pre-existing nuclei with , the velocity for diffusion-controlled 

microcrystal growth is 

crrr ≥

[ )RT/Gexp(exp
d

)T(D
u lc

tr Δ−−≈ 1 ] [144]. For the growth of 

crystallites of r∼100 nm on ∼100 ns, u must be ∼1 ms-1. In the 120-140 K temperature 

range, despite the high supercooling (i.e. very high ΔGcl),  is too low (∼10trD -14 m2/s) 

to enable growth even of pre-existing nuclei on the relevant cooling time. In contrast, 

in the 150-170 K range,  ∼10trD -12 m2/s to ∼10-11 m2/s. In addition,  remains lcGΔ

 111



sufficiently large (in absolute value) that the critical radius 
lc

cr Gr Δ≈ σ2  is relatively 

small, ~4 nm. Vapor as-deposited glasses are generally characterized by a large free 

volume (for C6H5CH3, estimated to be ∼5-10% [145] of the extrapolated at these 

temperatures liquid volume) and formation of defects cannot be avoided. Thus, in the 

as-deposited glass, there are numerous nuclei with , which therefore can grow 

“spontaneously” (i.e.,

crrr >

σππ 23 43
4 RGRG v +Δ−=Δ <0). In contrast, the thermally and 

the laser-annealed glasses are largely free of defects/microcrystals (as indicated by 

their ∼10% higher reflectivity and transmission) than the as-deposited glasses, which 

explains the suppression of devitrification in these glasses. However, even in this 

temperature range,  ∼ 10u -3 – 10-2 m/s, i.e. one-to-two orders of magnitude lower than 

required for nuclei growth to ∼100 nm.  Quite high rates of crystallization have also 

been reported in the laser irradiation of semiconductors, and they have been ascribed 

to the so-called “explosive crystallization” [145]. However, in the present case, the 

necessary conditions (a very high latent heat release, well-defined crystallization front 

advance) are not met. In addition, as shown below, there is an additional characteristic 

result indicating alternative explanation(s) in the present case. 

In relationship with the above analysis, it is interesting that in the mass 

spectroscopic examination, the signal recorded from the devitrified glass increases 

with successive UV laser pulses as compared to that recorded from the as-deposited 

glass (Fig. 5-10(a)) Of course, the crystal has lower enthalpy than the glass, and, thus, 

the intensity should be lower [146]. Thus, the increase of desorption signals upon 

devitrification must be ascribed either to the enhanced “effective” surface for 

desorption and/or to the fact that the microcrystallites are quite small so that they are 

characterized by a high vapor pressure. The same factors account for the fact that the 

signal is higher than that from the thermally produced polycrystalline samples (i.e., 

laser-induced devitrified samples are characterized, on average, by much smaller size 

of microcrystallites than the thermally produced ones). Enhanced desorption signal as 

a result of higher surface area and/or of a high porosity of a condensed solid is a 

common effect in Thermal Desorption (Programmed) studies (TDS) [147]. However, 

the influence of the surface area should result in constant intensity ratios, whereas as 

shown in Fig. 5-10(b), the ratio increases with increasing FLASER (i.e., indicative of a 

difference in the activation energies of desorption). Microcrystals are characterized by 
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a much higher saturation pressure as a result of the higher Laplace pressure. In this 

case,
)p/pln(RT

MR
sosρ

σ4
= , where M the molecular weight, ρ  the density,  the 

vapor pressure of a flat surface (presumed to be the case for the thermally-produced 

polycrystalline samples) and

0s
p

σ  the crystal-vapor surface tension (assumed here to be 

independent of the crystal facet) [138]. The observed  of 2-5 suggests sizes of 

∼10 nm. Despite any limitations in using the formula in laser desorption studies, the 

estimation indicates that there is a wide distribution of microcrystals down to some 

10s nm, which are evidently not detectable in the optical scattering experiments.  

sos p/p
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Figure 5-10. (a) The desorption intensity of the C6H5CH3 glass recorded upon irradiation at 
the indicated FLASER with successive pulses. (b) The desorption intensity from laser and 
thermally devitrified C6H5CH3 samples. 
 

At any rate, the trends in Fig. 5-2 and 5-6 can be directly accounted. The 

enhancement in the scattering of the probing beam with the number of UV laser 

pulses (Fig. 5-2) can be partly ascribed to the decreasing size of the crystal nuclei with 

increasing number of pulses and partly to the fact that the heat capacity changes with 
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the extent of crystalline formation, thus resulting in somewhat higher matrix 

temperatures. On the other hand, the increase in the “extent” of crystallization with 

increasing FLASER can be ascribed to the higher temperatures attained and the deeper 

depth of glass heated. However, devitrification is not observed above 30 mJ/cm2. At 

30 mJ/cm2, 140 K (which, as indicated above, appears to be the minimum temperature 

for the onset of devitrification) is attained at ∼1.3 μm within the matrix, i.e. a depth 

that is smaller than the optical penetration depth (∼2.8 μm). Thus, as compared with 

conventional calorimetric methods, the laser approach clearly affords a high degree of 

spatial resolution.   

 

On the other hand, for irradiation at >30 mJ/cm2, melting occurs. For the 1st 

pulse on as-condensed glass, the reflectivity/transmission increases up to  ∼1-2 μs, 

thus demonstrating the “annihilation” of defects and dissolution of any 

microcrystalline “nuclei” (i.e., since they become thermodynamically unstable). For 

instance, at ∼220 K, the dissolution rate is estimated to be 15 nm/ns, so even 

microcrystals as large as 1 μm will be dissolved before heat diffusion cools the 

matrix. Based on the previous discussion about the need for pre-existing nuclei for 

promoting devitrification, it is now clear why upon the subsequent cooling of the 

melt, vitrification occurs even though the cooling rate is slower than that attained 

upon irradiation at 15-30 mJ/cm2.  

In fact, the glass is highly annealed, as demonstrated by its enhanced 

reflectivity/transmission (Fig. 5-1, 5-2 and 5-3) and the lower desorption intensity 

recorded in the 2nd and subsequent laser pulses, evidently due to the higher density 

and co-ordination of the molecules in the laser-annealed glass (Fig. 5-10(a)). An 

estimate of the “stabilization” can be obtained by Arrhenius type analysis of the 

desorption intensities (i.e., plots of the ln of the intensities vs. 1/Tmax as estimated 

below). In this low FLASER regime, the determined activation desorption energies 

cannot be directly related to sublimation/evaporation energies, indicating that the 

description of the laser desorption process is much more complex than simple 

evaporation. Given this precaution, the difference in the activation desorption energies 

determined for the 1st (as-deposited glass) and 2nd (laser annealed glass) laser pulses is 

∼0.7-1.0 J/mole, which corresponds to ∼25-50% of the excess enthalpy that has been 

reported for toluene glasses deposited under comparable conditions. Thus, since laser 
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irradiation results in  efficient glass annealing; it would be interesting in future work 

to examine if laser irradiation conditions can be found to result in the “super-stable” 

glasses that may be obtained under controlled deposition/condensation conditions.  

Once the scattering defects/micro-crystals have been annihilated, i.e. in the 

absence of scattering effects, the back-reflected intensity is determined by the changes 

in the refractive index (i.e., for the melt at 240-180 K, η ∼1.5, which accounts for the 

drop of the reflected intensity from that of the glass (η ∼1.623) before irradiation). 

Upon subsequent cooling to supercooled liquid and to glass, η and the reflected 

intensity increases to the initial value.  The signals attain their final values at about 50 

μs, in good correspondence with the estimated temperature temporal evolution (Fig. 

5-8(b)).   

 

Athough the above discussion seems to provide a consistent picture, it fails to 

explain why the deeper layers, where the temperature remains below 180 K 

throughout the process, do not devitrify. This is demonstrated by the fact that the 

transmission/reflection do not change with successive laser pulses. In contrast, if 

devitrification of the lower layers occurred, then its extent should increase with 

successive laser pulses with a parallel decrease of the transmission/reflection.  There 

is no reason to consider this failure to be due to the absence of defects/embryos 

capable to initiate crystallization within the depth of the matrix. The only alternative 

explanation would be that devitrification is limited not only by the presence of nuclei, 

but may also be limited to the surface layers of the matrix. 

To examine this possibility, first we examined devitrification efficiency for UV 

irradiation of condensed glasses of toluene through the suprasil substrate (on which 

the glasses are grown). Crystallization in this case was completely suppressed. In 

another series of experiments, thin (∼1-5 μm) layers of cyclohexane (c-C6H12) were 

deposited on toluene glass. c-C6H12 does not absorb at 248 nm and, thus, it does not 

affect (except for scattering) the energy absorption in the toluene glass. We find that 

in the presence of such a layer, the onset of devitrification of the toluene matrix is 

detected after ∼500 pulses (at the same fluences employed in Fig. 5-1 and 5-2). This 

very high number of the required pulses cannot be ascribed to scattering of the 248 

nm light by the C6H12 overlayer, since for similar cryogenic films, we have previously 

found scattering of the UV beam to be ~10-18%. In addition, the deposited C6H12 
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layer is polycrystalline and we had expected its presence, if anything, to promote 

devitrification.  

Why is devitrification limited to the upper surface layers? Homogeneous 

crystallization nucleation rates are generally higher within the bulk of the 

(supercooled) melt (because of the much higher volume). There are few examples 

indicating that surface nucleation often dominates (e.g. H2O evaporating droplets and 

some complex organic glasses [144, 148-153]), but the possibility has been 

questioned. However, in the present case, the process entails the growth of pre-

existing nuclei and, thus, it is mainly determined by the mobility. Higher surface 

mobility is generally indicated by a number of experiments, e.g. it has been exploited 

for the production of ultra-stable glasses via vapor deposition [154]. A theoretical 

analysis predicts the activation energy for diffusion close to the surface to be half of 

that in the bulk, in which case  would be nearly 5-7 orders higher, thus easily 

accounting for the observed crystallization rates [

trD

154]. The problem with this 

suggestion is that this higher mobility is estimated to be limited within the upper 20 

nm. However, in the present case, the temperature is relatively high and desorption 

from the supercooled liquid is definitely non-negligible, as demonstrated by the mass 

spectrometer examination. This, on one hand, confirms that mobility in the upper 

layers is very high and, second, it suggests that mobility may be high to a much higher 

depth. According to this suggestion, the novelty of laser-induced devitrification arises 

from the capability of very fast heating to high enough temperatures, a condition very 

different from crystallization occurring within a melt in equilibrium with its saturation 

pressure.   

An implicit assumption thus far has been that microcrystallite growth proceeds 

via molecule-by-molecule addition. An alternative suggestion is that growth may 

entail coalescence of pre-existing nuclei. For clusters/nuclei of different radii that 

come close enough, “sintering” via the formation of connecting bridges, is promoted 

by their difference in the free energy and the influence of capillary forces. 

Coalescence would result in a higher apparent growth of the microcrystal size than the 

simple molecular addition growth mechanism. Again, this mechanism would be 

facilitated by a higher ‘fluidity’ in the surface. In addition, as compared with the 

molecular addition growth, coalescence within the bulk introduces strains that may 
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not be easily accommodated, thus accounting for the fact that devitrification in the 

bulk is much reduced from that in the surface. 

 

Besides the intrinsic interest in laser induced structural/phase 

transformations, the above examination and analysis unambiguously shows that the 

interaction of 248 nm with C6H5CH3 matrix in the considered fluence range is thermal 

in nature. In particular, the study provides direct demonstration for melting upon laser 

irradiation of molecular matrices/solids at fluences well below the ablation threshold 

of the system. Despite the importance of the issue for theoretical models of laser 

induced desorption/ablation, evidence for laser induced melting of simple molecular 

solids has been obtained only upon laser irradiation in the IR [75], usually in indirect 

way (e.g., from the comparison of desorption yields to the absorption spectrum of the 

ice vs. melt or from the examination of the desorbate translational distributions) [75, 

93, 156-158]. 

 

 

5.4 CONCLUSIONS 
 

We have used optical and imaging techniques to demonstrate and examine the 

dynamics of vitrification/devitrification processes induced to condensed C6H5CH3 

glass upon UV laser irradiation. In this simple molecular substrate, the changes are 

strictly thermally induced and photochemical contributions can be excluded. 

Irradiation in the ~15-30 mJ/cm2 range results in “devitrification”, whereas irradiation 

at higher fluences results in melting, and, upon cooling, formation of annealed glass. 

Devitrification-vitrification can be alternately effected by appropriately tuning the 

laser fluence. The laser-induced devitrification is indicated to occur at somewhat 

higher temperatures than is observed in conventional (slow) heating experiments. The 

extent of devitrification depends critically on the pre-existence of defects or nuclei. 

Both these features are ascribed to the very high cooling rates in the case of the laser 

irradiation. Yet, surprisingly, when crystallization does occur, it is found to be very 

fast (∼100 ns) and the growth rate is found to be much faster than accounted by 

classical nucleation model. In addition, it is indicated to be limited to the surface 

layers of the C6H5CH3 matrix. 
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Independently of the present uncertainties for the involved mechanisms, the 

study has clearly demonstrated the potential of laser-induced heating for examining 

phase transformations/ transitions of molecular glasses under far-from-equilibrium 

conditions and with a high degree of temporal resolution. In that respect, it is noted 

that the optical technique employed here is rather limited in the information content 

that it can provide, whereas higher information content capabilities can be accrued by 

the use of characterization/spectroscopic techniques, in particular with Raman.  

Furthermore, the use of UV laser excitation as employed here is limited to the study 

only of photochemically inactive compounds/glasses, such as of ortho-terphenyl. Ever 

for photolabile compounds, there are now convenient IR pulsed lasers which can thus 

enable the application of the methodology.    
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CHAPTER 6: BUBBLE FORMATION AND ITS TEMPORAL EVOLUTION 

UPON LASER IRRADIATION  

 
6.1  INTRODUCTION 

Through a combination of experimental studies [28], of thermodynamic 

considerations [15, 20-22] and of molecular-dynamics simulations [18-19, 86] it is 

increasingly accepted, although not unanimously, that ablation of “simple” molecular 

solids, such as of matrices employed in matrix-assisted pulsed laser 

evaporation/deposition (MAPLE) and in matrix-assisted laser desorption ionization 

(MALDI), with nanosecond laser pulses involves explosive boiling. But, experimental 

results are only qualitatively accounted for (e.g., a rough comparison of estimated 

temperatures with theoretically predicted ones e.g., from translational distributions, 

which however may be severely distorted by plume collisional processes) in terms of 

the proposed model. 

Despite any support, basic tenets of the model, in particular the bubble 

formation intrinsic to explosive boiling remains to be addressed in detail. Detailed 

studies on laser-induced explosive boiling have been reported for liquids (under 

ambient pressure) [29, 96, 159]. However, the inevitable heterogeneous nature of 

bubble nucleation in liquids (due to the presence of dissolved ambient gases) limits 

the comparison with classical nucleation theory. Most importantly, in the laser 

ablation of solids, the influence of the solid-liquid transformation on the subsequent 

explosive boiling process has not been considered. In principle, melting should occur 

much faster than bubble formation so that the two processes should be decoupled. In 

fact, very recently, simulations [160] have challenged the validity of the principles 

underlying the use of explosive boiling model in the description of laser ablation 

processes with nanosecond laser pulses. They have suggested that heterogeneous 

bubble nucleation at solid-liquid boundaries may contribute significantly to material 

ejection. 

Solids formed by the condensation of vapors of simple compounds on low 

temperature substrates constitute simple systems in which laser-induced processes can 

be investigated in detail. Here, we examine the processes in the irradiation of 

condensed films of toluene (C6H5CH3). Using optical techniques, we show that upon 
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UV irradiation at fluences well below the ablation threshold, melting takes place and 

at somewhat higher fluences, bubble nucleation/ formation is detected. Though our 

observations appear to be in accord with the explosive boiling mechanism, 

quantitatively, we note several discrepancies from the ''classical'' nucleation model, 

(e.g. efficient bubble nucleation/growth at temperatures much lower than the 

predicted ones, etc). These discrepancies will be discussed in detail in the subsequent 

chapter. 

 

6.2  RESULTS 

The signals recorded upon irradiation of freshly deposited films with a single 

UV pulse at various laser fluences are presented in Fig. 6-1. Most importantly, at 

FLASER ≥ 50 mJ/cm2, a characteristic sharp decrease of the reflected probe beam is 

observed at ~60-200 ns. A similar sharp decrease is also observed in the time-resolved 

transmission, although not as pronounced (we ascribe this difference to the lower 

sensitivity of the transmission vs. the reflection probing). This pronounced decrease 

cannot be accounted by simple photodeflection of the probing beam (since the 

refractive index of liquid C6H5CH3 is reported to be ~1.4, whereas that of the solid 

(glass) C6H5CH3 ~ 1.5, beam deflection upon melting and resolidification is minor. 

This decrease is paralleled by enhanced scattering of the probing beam around the 

(blocked) specularly reflected and directly transmitted beams, as illustrated in Fig. 6-

2. In another series of experiments scattering of a pulsed dye laser beam (460nm) is 

detected -at a scattering angle of ~45 degrees- at ~100ns after the UV laser pulse. The 

probe beam intensity is higher in amplitude than it is prior to and a long time after 

irradiation (Fig. 6-3). Interestingly, the intensity of the scattered light is considerably 

reduced in comparison to its value before irradiation, evidently due to annealing of the 

glass. 
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Figure 6-1. (a) Temporal evolution of the reflected probe beam intensity upon irradiation of 
freshly deposited films with a single UV laser pulse at various laser fluences. The signals are 
normalized to the reflected probe intensity before UV irradiation. Scattering of the probe 
beam by the ejected plume is clearly discerned for FLASER>105 mJ/cm2. (b) The previous 
spectra are replotted on the 0-2 μs time scale in order to depict in detail the decrease 
observed at ~60-100 ns.  
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Figure 6-2. Time-resolved image of the scattered reflected probe beam from neat C6H5CH3 
glass, recorded ~ 100 ns after irradiation with a single pulse at ~ 80 mJ/cm2. 
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Figure 6-3. The scattered probe light (at 460nm) detected at ~45 degrees off the incidence 
axis, recorded ~100 ns after irradiation of the C6H5CH3 glass with a single pulse at 248 nm.  
 

 

The mass spectroscopic examination [28] has shown that for FLASER<90 

mJ/cm2, desorption is quite low (few monolayers, at most). Molecular Dynamics 

Simulations [27, 86] also suggest that it occurs exclusively in the form of monomers. 

Therefore, light scattering by desorbates (in the gas phase) can be discounted, (indeed, 

no scattering of a beam propagating parallel to the film surface is detected). Instead, 

formation of scattering centers within the film is responsible. Approximately, they 
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must be of an effective size nm
n

R probe  60~
2

~
π

λ
 where λprobe= 632 nm or 772 nm and 

η the refractive index of C6H5CH3 (liquid). Indeed, the transients we observe are quite 

similar to the optical transients that have been reported for bubbles formed in the 

superheating of transparent liquids contiguous to absorbing surfaces upon laser 

irradiation [29, 96, 159, 161-162]. We have verified that our experimental setup yields 

identical results with the reported ones in the superheating of liquid (CH3OH) spread 

over Si wafer upon irradiation at 248 nm or 308 nm that are strongly absorbed by Si.  

 
The amplitude of the peak ascribable to bubbles (Fig. 6-4(a)) as well as the time 

of its maximum (Fig. 6-4(b)) increase with increasing laser fluence. At fluences above 

~100 mJ/cm2, this peak is followed by another, quite broad decrease of the probe 

beam intensity, which extends to ~100 μs (Fig 6-1(a)). Since the ablation threshold of 

neat toluene solid is at ~100 mJ/cm2 [27-28], we ascribe this decrease to scattering of 

the incident probe beam by the expanding plume. Plume ejection at these fluences is 

confirmed by scattering of a HeNe laser beam propagating parallel to the irradiated 

surface.  
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Figure 6-4. (a) Percentage decrease of the reflected and transmitted probe intensities that is 
observed on the nanoseconds time scale, upon irradiation of as-deposited glass with a single 
pulse, as a function of laser fluence. In all cases, the absolute reflectivity is the same (5±0.2 
mV). (b) The time of the maximum decrease in the reflection peak as a function of laser 
fluence under single pulse irradiation. The error bars represent the standard deviation as 
determined from ≥ 4 measurements at each examined fluence.  
 

  

 At longer times (t >1 μs), the transmission signal recovers to nearly its initial 

value (Fig. 6-5). In contrast, the surface sensitivity of reflectivity provides further 

information on the subsequent evolution: thus, upon recovering, it overshoots its 

initial value and continues to increase (i.e., scattering loss) and evidently correlates 

with the reflectivity loss observed in the pulse dependence examination. 

 

 124



0 2000 4000 6000 8000

13
14
15
16
17
18
19
20

First pulse

x 3.75Reflection

Transmission

50 mJ/cm2

 

 

Si
gn

al
 (a

rb
. u

.)

Time (μs)
 

Figure 6-5. Temporal evolution of the reflected and transmitted probe beam intensity upon 
irradiation of the C6H5CH3 glass with a single pulse at ~ 50 mJ/cm2. 
  

 

The results provide strong support for “explosive boiling” type process.  It was 

shown in the previous chapters that at fluences higher than ∼ 45 mJ/cm2, changes in 

the morphology/structure of the films are observed that are consistent with melting 

and that the features that are clearly identified with ablation become important only at 

fluences above ∼ 110 mJ/cm2. Thus, there is an overheating of the toluene film of 

about, ΔToverHeat≈180 K well above its melting point. The very abrupt change in the 

shape of the curves on going from 100 mJ/cm2 to 110 mJ/cm2 clearly demonstrates 

the presence of a well-defined threshold for massive material ejection to occur, as 

exactly has been suggested on the basis of the mass spectroscopic examination of the 

desorbate intensities.  
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6.3 DISCUSSION 
 

The major result of this study is the observation of enhanced scattering of the 

probe beam at ~100 ns, upon UV irradiation at FLASER 50 mJ/cm2. As argued, the 

scattering must be ascribed to growing bubbles. In the following, we consider the 

factors (mechanisms) responsible for these processes. 

 

As discussed in the previous chapter, upon excitation, C6H5CH3 in condensed 

phases decays non-radiatively with a quantum efficiency of ≥ 90% [133] (i.e. nearly 

complete decay of the absorbed energy into thermal).  

 

Given the high bond (C=C, C-H) energies of C6H5CH3 and the relatively low 

film temperatures attained (~370 0K at 100 mJ/cm2), thermal decomposition is 

negligible. In addition, for FLASER ≤100 mJ/cm2, the film absorptivity at 248 nm 

remains nearly constant at least for ~40-50 laser pulses, demonstrating that 

accumulation of products in the film is minimal (since the likely products of C6H5CH3 

decomposition absorb stronger than the parent compound). At ≥60 mJ/cm2, a ~10 % 

decrease of transmissivity is observed, however, even this must be mainly attributed 

to enhanced scattering of the UV beam. In the mass spectrometric examination [163] 

of the desorbates ejected upon UV laser irradiation of condensed C6H5CH3 films, no 

peaks, other than the ones due to the electron-impact cracking of C6H5CH3, are 

detected. In all, bubble formation cannot be ascribed to gaseous products formed by 

thermal or photo-decomposition of C6H5CH3. Besides, product formation fails to 

explain why bubble formation is intense upon the first UV laser pulse, decreasing 

sharply in the subsequent ones (see Chapter 7). 

Instead, bubbles must be formed through the vaporization of C6H5CH3. At 

FLASER>40 mJ/cm2, the film attained temperature is higher than the melting point. The 

(Psat, T) extrapolation from higher temperatures of C6H5CH3 on the basis of the 

Clausius-Clayperon equation (approximately, 

507.50
578.137714157.4)(log10 −

−≅
T

barP [81](for 273-323 0K, or more accurately from 

the values reported in [95]) indicates that boiling is effected at T~200-210 0K under 

the very low pressure of the system (~10-5-10-3 mbar) (more precisely, the external 
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pressure is specified by the recoil momentum of the evaporating gas). Thus, the 

C6H5CH3 glass not only melts, but is also heated to temperatures above the 

corresponding “boiling point” (i.e. heated above the temperature corresponding to the 

external pressure as its saturation one). Thus, it is thermodynamically metastable, (i.e. 

chemical potential μL is higher than that of the vapor, μV)[48-50] and bubble 

formation is expected.  

 

According to the classical nucleation theory [48-51], the rate J (bubble number 

per unit volume and time) for homogeneous formation of bubbles with radius Rb can 

be approximated by
( )
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⎦
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where the subscripts V, L refer, respectively, to the bubble and to the liquid; P, ν and 

μ represent, respectively, the pressure, the molecular volume and the chemical 

potential of the corresponding (vapor or liquid) phases, A the bubble surface area, N 

the number of molecules within the bubble, σ is the surface tension of the compound, 

and kf the molecular evaporation rate (which obtains somewhat different values 

depending on the derivation). In the above equation, the first term represents the work 

provided by the evaporating gas, the second term the work directed against the 

external pressure (here, ~backpressure of the surface desorbing gas) and the third one 

the work for the bubble interface formation. 

The important point is that even under these assumptions, the quantitative 

evaluation of the equation is hindered by the lack of information about PV within the 

bubbles. Thus, a simple analytical formula is obtained only for the critical-size 

bubble, which is assumed to be in mechanical and thermodynamic equilibrium with 

the liquid. In this case, 2
cr

V L

R
P P

σ
=

−
 and 

( )2
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PPTk
G

−
=Δ
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L TPP
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ν

η exp ) , relates the pressure within the “critical” 
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bubble with the saturation pressure Psat(T) at the corresponding temperature).  The 

corresponding growth rate of bubbles of critical size is  

( ) ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

πσ
−=Δ−= 2

LVB

3

0Bcr0 PPTk3
16expJTkGexpJJ  

 

Only if bubble radius exceeds Rcr, ΔG(Rb)<0 and bubble growth occurs. Nearly all 

quantitative discussions on explosive boiling are cast in terms of Rcr. However, in the 

examined fluence range, since the bubbles eventually decay, their radius must be well 

below Rcr. Based on the classical nucleation theory, the critical bubble size is 

estimated to be <1 μm in the 350-380K range (Fig. 6-6). Thus, an estimation of J by 

Eq. (6. 3) is expected to fail to describe quantitatively the observed processes. In the 

present case, these values are not known with sufficient accuracy and especially the 

effective PL (pressure above the liquid) during the irradiation is ill-defined. Yet, a 

calculation of J values relatively to arbitrarily fixed J value (at reference value of 200 

°K) clearly shows the exponential, almost “threshold like” nature of the process.  
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Figure 6-6. Free energy of bubble formation within C6H5CH3 as a function of bubble radius. 
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The film temperature attained at the end of the pulse can be estimated by Eq. (3. 3) 

(see Chapter 3). [Since s, for much shorter times thermal diffusion is 

not important]. The equation has been solved by the method described in Ref. [

61010 −×≈tht

164] 

by means of Mathematica. The temperature drops much within ~100-200 ns, which 

accounts for the limitation of the bubble growth to these times (Fig. 3-9). For low 

overheating, the surface tension term dominates, ΔG(Rb)>0, and, thus, the bubbles 

eventually collapse. With increasing laser fluences/ temperatures, J increases sharply 

due to a decrease in σ (for toluene, 
x

c
⎟
⎠
⎞⎜

⎝
⎛

Τ
Τ−= 10σσ where σ0=66.85 Nt/cm, 

Tc=591.79 0K and x=1.2456 and the increase of the (PV-PL)2 factor. (Indeed, the J 

values relatively to a reference Jref at an arbitrarily chosen temperature e.g. at ~210K 

is calculated to increase exponentially with laser fluence). The total number of nuclei 

is proportional to the volume V superheated by ΔTs. 

max

(100 )

(30 )

( )
/

T ns

T ns

J TZ V dT
dT dt

= × ∫  where 1 ln( )LASER
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s P

F
T C

αV l
α ρ

∝ = ×
Δ

  

 

In rather good correspondence with the previous discussion, scattering by the 

bubbles is enhanced with increasing FLASER, indicating that a higher number and size 

of bubbles are formed. However, it is not possible to quantify the bubble size and 

number just on the reflection/transmission decrease. With increasing FLASER -below 

the ablation threshold- the time of attaining the maximum reaches a plataue (Fig. 6-

2(b)), most probably because of the competing effect of the fast temperature drop 

after 100 ns (Fig. 3-9). However, the rate of bubble size/number growth is found to 

increase, thus, resulting in the nearly exponential dependence observed in the optical 

intensity maxima (Fig. 6-7).  
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Figure 6-7. The rate of the transmitted probe beam intensity reduction as a function of FLASER. 

 

At a critical value, their development results in material ejection, as clearly 

illustrated by the transmission curve at 125 mJ/cm2 (Fig.6-8). This observation clearly 

establishes that the ejection process must be due to an explosive boiling-like process 

where material ejection is initiated near the maximum of bubble growth [165]. 
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Figure 6-8. The signal of the transmitted probe beam recorded upon irradiation of neat 
C6H5CH3 glass with a single pulse at ~125 mJ/cm2. 
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The maximum temperature (Fig. 3.9 f.e., for 110 mJ/cm2 Tmax=385 °K) is 

attained at the end of the laser pulse, after which it falls as a result of the evaporation. 

If the rate of bubble (once nucleated) growth is assumed to be under inertia control, 

given by the Rayleigh formula [48]: 
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(where Tsat(PL) is the temperature at which the saturation pressure of the compound 

equals PL - the effective external pressure - and all the other parameters as defined 

previously), we estimate that at ~ 100 ns, the bubble size may grow up to ≈100 nm 

and ≈400 nm for T~230 0K and T~350 0K, respectively. However, this is an upper 

limit, since in many cases [166], the rate of bubble growth is indicated to be 

substantially smaller than that predicted by Rayleigh formula. This clearly indicates 

the feasibility of bubble growth in the considered time interval, and also accounts for 

the comparable temporal evolution to those reported before for the overheating of 

liquids on absorbing surfaces. Furthermore, quantitative information about the size 

and number of the bubbles from the scattering experiments is not directly plausible 

(since no calibration system can be defined). As a first step, an interferometric 

(Michelson type) measurement has been attempted. Although the vacuum systems 

were not designed for this high mechanical stability required for interferometric 

measurements, interference pattern changes could be monitored; thus, this approach 

will enable quantification of the effective bubble size. 

 

The subsequent dynamics, as revealed by the reflectivity examination, reveals 

the much more complex dynamics in the cooling of the liquid and its solidification. 

The processes are indicated to proceed for ∼10 μs (consistent with an estimation of 

thermal relaxation time on the basis of heat conduction), resulting in the ‘freezing’ of 

the wavelike as well as of the splashing effects noted in the imaging examination (Fig. 

3-3) of the irradiated films.  
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At any rate, the present experiments unambiguously demonstrate that melting 

occurs at 30-50 mJ/cm2 and that bubble formation takes place upon irradiation at ≥ 50 

mJ/cm2. Importantly, this delineation corresponds to different FLASER dependences of 

the desorption intensity of C6H5CH3, as measured by mass spectroscopy [27-28]: the 

slope of the desorption signal in an Arrhenius-type plot (log vs. 1/FLASER) increases 

abruptly at ~50 mJ/cm2. Therefore, the present study supports the contention that the 

delineation of two fluence ranges with different desorbate slopes must reflect 

desorption from a partially melt at <50 mJ/cm2 and from a heated melt at higher 

fluences. On the other hand, we have demonstrated previously that the features (e.g. 

massive, nonselective material ejection, plume ejection, ejection of strongly-bound-to 

the matrix dopants, a change of the translational distributions to high values etc) that 

can be identified with ablation are first noted at ∼ 100 mJ/cm2 [27-28]. Thus, at the 

ablation threshold, the toluene film is overheated ≈180 0K (surface temperature) 

above its melting point (and the estimated under the low Pext, “boiling” point). At 

~100 mJ/cm2, bubble signal attains a very high intensity. It is, thus, reasonable to 

consider that material ejection directly relates to bubble growth. Taken together, the 

observations provide strong support for explosive boiling taking place upon UV 

irradiation. In fact, explosive boiling provides a consistent explanation for all 

observed features of laser-induced ejection from neat and doped C6H5CH3 films [28].  

 

However, qualitative aspects aside, quantitatively the dynamics of explosive 

boiling does not appear to be well accounted for. Generally, volume material ejection 

is considered to occur at the spinodal decomposition limit (~0.8Tc=475 K for 

C6H5CH3, where Tc: critical temperature) [50]. However, the film (surface) 

temperature at ~100 mJ/cm2 is estimated to be ~380 0K, at most. This discrepancy 

cannot be accounted by inaccuracies in the thermodynamic parameters employed in 

the temperature estimation, since the previous discussion on crystallite formation  and 

melting show very good agreement between estimated temperatures and results. Even 

more difficult to account for is the observation of bubble nucleation at ~ 50 mJ/cm2, 

i.e. at temperatures just above the melting point. Expectably, the estimation on the 

basis of the simplified Rcr formula predicts that at these temperatures ΔG(Rb) >> 0, 

i.e. the probability of bubble formation at such temperatures should be negligible. 
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Discrepancies from the classical nucleation theory are commonly noted. They 

are generally ascribed to the presence of impurities that promote heterogeneous 

boiling, thereby limiting the attained liquid overheating. However, in the present case, 

C6H5CH3 is of higher than 99.7 % purity and is further distilled and degassed.  The 

results have been verified over 10 times, each time with different samples. As 

mentioned above, no peaks (< 0.1% of the parent peak intensity) are detected by mass 

spectroscopic examination. Of course, all these tests are never fully conclusive (e.g. 

do not preclude the possibility of minute quantities of impurities). A hypothesis for 

the plausible explanation for these difficulties will be advanced in the next chapter. 

 
 

6.3 CONCLUSIONS 
We have used optical and imaging techniques to examine the morphological/ 

structural processes and modifications induced to condensed C6H5CH3 glass upon UV 

laser irradiation. Although morphological modifications are commonly reported in the 

UV irradiation of molecular substrates (e.g. polymers and tissues), this study differs in 

that it concerns a simple molecular substrate, where the responsible mechanisms can 

be addressed in detail. We find that distinct and well-defined structural processes are 

induced in different UV laser fluence ranges. Devitrification crystallization is 

observed at film attained temperatures ≈ 130 0K, in good correspondence with what is 

observed in calorimetric studies. At higher fluences melting occurs. At somewhat 

higher fluences, bubble nucleation is initiated. Bubble signal increases with laser 

fluence, indicating larger bubble size and/ or number. This bubble formation must be 

ascribed to a vaporization process. In all, these observations provide direct support for 

the suggestion that explosive boiling is involved in the ns irradiation of molecular 

solids. 

However and most importantly, bubble nucleation is observed at fluences/ 

temperatures well below that indicated by classical nucleation theory. This 

discrepancy cannot be ascribed to the conventional factors/ limitations invoked in 

corresponding studies on liquids (e.g. heterogeneous bubble formation). It seems that 

bubble nucleation/ growth is not quantitatively well described in laser irradiation of 

solids.  
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CHAPTER 7.  ‘MEMORY’ EFFECTS IN LASER-INDUCED 

BUBBLE FORMATION 

 

7.1  INTRODUCTION 

Acoustic cavitation, i.e. the formation of bubbles or cavities in a liquid 

induced by the tensile pressure of an acoustic field, is of interest for a better 

understanding of the liquid-vapor phase-change phenomenon. It is also of importance 

in many technical applications, such as sono-chemistry, ultrasonic cleaning, laser 

surgery in medicine, and lithotripsy [167-170].  

The inception of cavitation at acoustic amplitudes far below the theoretically 

predicted tensile pressure has been explained by the hypothesis that long-lived 

cavitation nuclei, such as ultramicroscopic bubbles or other inhomogeneities, are 

usually present in liquids [172]. However, small bubbles are thermodynamically 

unstable and may either dissolve and vanish quickly or grow and rise to the liquid 

surface [171]. Therefore, several models have been suggested to account for the 

generation and stabilization of microbubbles, including cosmic radiation [171-172, 

174], clusters of organic or ionic molecules [175-177], van der Waals stabilization 

[178], and gas inclusion in crevices on container wall or solid impurities in the liquid 

[179-180]. In addition, for highly purified and degassed water, a significant decrease 

of the cavitation threshold due to neutron irradiation has been observed. This decrease 

is reversible; i.e., the threshold returns to the initial level in about half an hour when 

the source of radiation is removed [172], which is an example of a memory effect. 

The time scale for previous studies has been limited to microseconds due to the 

instability of the transducers to generate shorter acoustic pulses of sufficient 

intensities to cause cavitation. More recently, Grigoropoulos, Leiderer and coworkers 

demonstrated a ‘memory effect’ in the formation of bubbles at a liquid-solid interface 

upon irradiation with nanosecond laser pulses (light absorbed by the solid). 

Specifically, they showed that in the irradiation of the system with two laser pulses, 

bubble inception upon the 2nd pulse is much easier (i.e., attained at lower fluences) as 

long as the delay between the two pulses is few microseconds. The temporal decay of 
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this memory effect has been measured and could be explained by a diffusion process 

(i.e., diffusion of the gases produced by the first laser pulse). 

Here, we demonstrate another ‘memory’ effect in bubble formation upon 

irradiation of molecular solids with nanosecond pulses. Indeed, a major problem in 

assessing (examining) the bubble formation dynamics in the previous chapter turned 

out to be the high sensitivity of the bubble signal to the irradiation ‘history’ of the 

film. We demonstrate herein that this sensitivity is due to a pronounced dependence of 

bubble nucleation on the structure of the as-deposited solid. This demonstrates that 

the simple ‘solid to-liquid-to bubble nucleation-to gas’ model may not be applicable.  

 

 
7.2  RESULTS 

In the examination of the bubble dynamics in the previous chapter, a major 

problem turned out to be the high sensitivity of the bubble signal to the irradiation 

‘history’ of the film. In the second or subsequent several UV laser pulses, the 

characteristic peak at ~100 ns is not observed in the time resolved reflection spectra 

and hardly in the corresponding transmission ones (i.e., its intensity is much lower 

than that observed for irradiation with the first UV laser pulse in the ~70-90 mJ/cm2 

range). Instead, the reflectivity decreases at ~2 μs, increasing subsequently to a 

constant value (Fig. 7-1). 

Since film optical quality improves (reflectivity/ transmission increases) upon 

irradiation with the first UV pulse, the difficulty in detecting bubble signal in the 

subsequent UV laser pulses cannot be attributed to experimental factors (e.g., to 

enhanced scattering of the probing beam). Instead, this variation of the ~100 ns peak 

must reflect a genuine influence on the efficiency of bubble nucleation/ growth. At 

fluences above the ablation threshold, the peak (both reflection and transmission) 

retains high intensity even in the subsequent ~10 UV laser pulses (at which point, 

probe beam becomes so diffuse that the features in the time-resolved spectra cannot 

be well resolved) (Fig. 7-2). Thus, in the ablative regime, bubble formation is 

detectable, in spite of the strong scattering of the probe beam after the first UV laser 

pulse. This further illustrates that scattering effects are not responsible for the pulse 

dependence of bubble signal that is observed for irradiation at lower UV laser 

fluences. 
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Figure 7-1. (a) Temporally-resolved reflection spectra for irradiation of C6H5CH3 glass with 
successive laser pulses (248 nm) at 55 mJ/cm2. (b) The previous spectra shown on the 
nanoseconds timescale. 

 

The observed variations must be due to the sensitivity of bubble nucleation/ 

formation to the solid structure. In order to study the dependence of bubble formation/ 

growth on film structure in a controllable way, a series of experiments were 

performed on the basis that the extent of crystalline formation in the film varies in a 

systematic way upon pre-irradiation of the film with successive laser pulses at 15-20 

mJ/cm2 (at which, as discussed in chapter 5, microcrystalline formation occurs). Films 

prepared under identical deposition conditions are irradiated with different number of 

pulses at ~18 mJ/cm2 and subsequently, the intensity of the ‘bubble’ peak upon 

irradiation with a single pulse at 65 or 80 mJ/cm2 is monitored. Despite the enhanced 
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scattering of the probing beam, the intensity of the peak at ~100 ns is considerably 

larger than in the irradiation of the as-deposited glass at the corresponding fluences 

(Fig. 7-3).  

After bubble formation, reflectivity is enhanced, demonstrating vitrification of 

the glass. Moreover, if the as-deposited glass is thermally annealed (as shown by a 

significant increase of its reflectivity), then bubble nucleation is suppressed and its 

nucleation requires much higher fluences. On the other hand, if pre-irradiation of the 

film is performed in the 30-50 mJ/cm2 (i.e. resulting in annealing of the as-deposited 

glass) then no bubble signal could be detected in the subsequent irradiation at 80 

mJ/cm2.  
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Figure 7-2: The reflection signals recorded upon irradiation of C6H5CH3 glass with 
successive pulses at laser fluence (~105 mJ/cm2) above the ablation threshold. The inset 
shows the pulse dependence of the bubble signal peak for the indicated fluences. 
   

 

Alternatively, experiments have been performed on films that have been 

annealed by resistively heating the deposit to temperatures ~130 K (from T0~100K to 

130 K at a rate of ~0.1 K/min; subsequent heating at 130 0K for ~5-10 min, followed 

by cooling down to 110 K at 1 K/min). In all cases bubble formation appears to be 

much reduced with the degree of annealing (Fig. 7-4). In all, the extent of annealing 
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of the substrate significantly hinders the efficiency of bubble nucleation/ growth, 

whereas the extent of polycrystallinity enhances bubble formation. 
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Figure 7-3. Temporally-resolved transmission recorded for (a) as-deposited glass and (b) 
solid that had been previously irradiated with 60 pulses at 20 mJ/cm2 (i.e., partially 
devitrified) and (c) solid that had been previously irradiated with 80 pulses at 20 mJ/cm2 (thus 
of higher polycrystallinity than (b), as also indicated by its lower reflectivity). In all cases, 
spectra are recorded upon irradiation with a single laser pulse at 80 mJ/cm2. 
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Figure 7-4. Temporally-resolved reflection recorded for (a) as-deposited glasses and (b) 
thermally annealed glasses (via resistive heating at ~130K). In all cases, spectra are recorded 
upon irradiation with a single laser pulse at the indicated laser fluence. 
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7.3 DISCUSSION 

 

No such dependence is observed in the irradiation of liquid C6H5CH3 under 

ambient conditions. Since film absorptivity at 248 nm in the 10-100 mJ/cm2 range 

remains constant with successive laser pulses (at least up to ~100 pulses), the 

variation in bubble formation/ growth cannot be ascribed to changes in the attained 

film temperature. 

Heterogenous bubble nucleation cannot explain our results either. First, the 

C6H5CH3 samples were extensively degassed and distilled. Furthermore, the 

experiments have been repeated several times with different samples. Most 

importantly, heterogeneous processes cannot explain why pre-irradiation at 15-25 

mJ/cm2 enhances subsequent bubble formation, whereas pre-irradiation at higher 

fluences (30-50 mJ/cm2) suppresses bubble formation. 

Bubble formation at temperatures lower than predicted by homogeneous 

nucleation theory may occur, if laser-induced stress-generation is, in parallel, 

important. In that case, the propagation of the rarefaction (tensile) component of the 

acoustic wave through the heated liquid facilitates bubble nucleation/growth (just 

above the boiling point). However, in the present case, the ‘acoustic relaxation time’ 

tac=1/αvs ≤ τpulse (where α is the absorption coefficient of toluene and vs the sound 

velocity in the film), so that stress confinement is minimal and the generated acoustic 

waves are likely of small magnitude. 

This dependence cannot be ascribed simply to the influence of the solid 

structure on its heat conductivity/capacity etc. and, thus, the temperatures attained 

(Eq. 3.1, 3.2). Since the time for bubble growth (60-100 ns) is well shorter than , 

the thermodynamic parameters must change nearly by an order of magnitude for 

having any effect. 

tht

 

This high sensitivity of bubble nucleation/ growth on the solid structure is 

surprising, because melting is very fast (ps times), so that the much slower bubble 

growth should not be influenced by the initial structure of the frozen solid. Thus, a 

much subtler influence of the solid structure is involved. Clearly, the common picture 

of “solid-to-liquid-to-vapor bubble formation” is inadequate. Neither the 

thermodynamic model [20-22] nor the Molecular Dynamics simulations [17-19, 86] 
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have considered the influence of the substrate structure on explosive boiling and on 

ablation.  

Very recently, Perez et al [97] have relied on molecular dynamics simulations 

to re-address the process in the laser ablation of molecular solids. They have shown 

that the well-accepted view of Miotello-Kelly explosive boiling model fails to account 

in detail for the induced processes. They suggest that for optical penetration depths of 

μm, explosive boiling will be strongly influenced by stresses (tensile waves) and 

‘heterogeneous’ bubble nucleation at solid-liquid boundaries plays a significant role. 

This suggestion can account for the observed structural dependence. However, even 

this study suggests temperatures much higher than those estimated here, denoting that 

the involved factors are subtle.  

 

Tentatively, two factors may be advanced to account for this influence of film 

structure on homogeneous bubble formation. First, bubble nucleation may be 

sensitive to microscopic defects/voids in the substrate (glass/crystal). In the 

superheating of liquids adjacent to laser heated (absorbing) substrates, it has been 

demonstrated that even after bubble collapse, sub-microscopic nuclei (that could not 

be detected optically) survive (for few ms) that promote bubble nucleation upon 

subsequent irradiation [159]. In vapor-deposited films, microscopic voids are present 

at a very high quantity. For vapor-deposited C6H5CH3 glass (at ~100 K), the free 

volume is more than ~10% of the extrapolated molar volume of the liquid [131]. 

Desorption into the voids may be efficient so that bubble nucleation is more facile 

than in the irradiation of ‘equilibrated’ liquids. Such a dependence would account for 

the promotion of bubble formation and of explosive boiling at estimated temperatures 

lower than expected (estimated) by conventional nucleation theory. It also accounts 

for the fact that bubble formation is enhanced (promoted) in the polycrystalline 

samples.  

A second plausible mode of influence relates to the cohesive energy of the 

system. Upon glass annealing, the coordination number of molecules on average 

increases and their binding energy (Ebinding) correspondingly increases. Since 

desorption rate into the bubbles depends exponentially on Ebinding, changes in it can 

have a pronounced effect on bubble nucleation/growth. In support of this, at all 

FLASER, a very close correspondence between the desorbate intensity, as monitored by 

mass spectrometry, and the bubble scattering signal is noted (compare Fig. 3-1 with 
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Fig. 6-4(a)). This correspondence strongly suggests that the higher cohesive/ binding 

energy due to film annealing results in reduced evaporation rate, and, in parallel, 

reduced bubble growth rate.  

A fundamental condition for these explanations to hold is that the voids and 

the other defects present in the as-deposited solids do not collapse fast enough so that 

the influence of their presence is annihilated on the time scale of the desorption or 

bubble nucleation. This may be indeed supported by the fact that the self-diffusion at 

these temperatures is very low (i.e., very high viscosity e.g. at 200-250 K, n~1012 

Poise). Specifically, the rate of growth of a bubble is given by: 

 

Rdt
dR

Rdt
dR

dt
RdRPP mextvapor

σηρ 24
2
3 2

2

2

++
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛+=− 

 

(the formula is not applicable to the case of bubble nucleation, but the discussion 

illustrates at least qualitatively the plausible influence of the involved factors). Thus, a 

dimensional comparison of the terms indicates:  
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For R0 ~ 1- 10 nm (≈ void size in glass) and η ~ 101-106 Pa . s (supercooled liquid). 

Thus, for these parameters, the viscous term is the controlling factor, suggesting that 

the time is not sufficient for void collapse. 

 

 

Both factors above may contribute to the promotion of bubble formation and 

of explosive boiling at temperatures lower than indicated by classical nucleation 

theory in the non-annealed, as-deposited, glass and for the enhanced bubble formation 

in the polycrystalline samples. 
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In the sub-ablative regime, irradiation with the first laser pulse generally 

results in an annealed glass. On the other hand, at fluences above the ablation 

threshold, the underlying film structure is much ‘disrupted’ (as indicated by the high 

scattering of the probe beam after the first pulse). Bubbles, voids and other defects 

certainly remain in the substrate, which appear to promote bubble formation in the 

subsequent pulses. This explains why in the ablative regime, relatively high bubble 

formation is detectable even after the 1st laser pulse.  

This dependence may account for the well-known high sensitivity of MALDI 

results on the preparation mode of the matrix. 

 

7.4 CONCLUSIONS 

In summary, for the prototypical C6H5CH3 films, it is shown that bubble 

nucleation cannot simply be pictured as occurring within an equilibrated melt. 

Therefore, the analysis on the basis of ‘generalized’ thermodynamic diagrams fails to 

account quantitatively for the processes in the laser irradiation of solids. Clearly, in 

real-substrates, these processes are largely under kinetic rather than thermodynamic 

control. Thus, though the theory [49-50] predicts ablation to occur at the spinodal 

limit, in practice, its onset is initiated at lower temperatures. This means that thermal 

degradation effects are considerably less than may be expected. Molecular dynamics 

simulations may turn most appropriate for addressing this issue (though they are 

limited in the capability of varying initial solid structure). Besides their relevance to 

the mechanistic understanding of laser-induced material ejection, the method also 

provides the means for temporally resolved studies of glass dynamics in simple 

organic systems. This is currently a topic of intense interest in physical chemistry. 
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CHAPTER  8. LASER-INDUCED PHASE & STRUCTURAL 

CHANGES IN BI-COMPONENT FROZEN SOLIDS 

 

8.1  INTRODUCTION 

Previously, we have shown that UV laser irradiation of neat as-deposited 

C6H5CH3 solids results in well defined and distinct morphological / structural changes 

in different laser fluence ranges. In particular, at low energy fluences, reversible 

vitrification- devitrification is observed. Irradiation at somewhat higher laser fluences 

results in annealing of the as-deposited C6H5CH3 glass and samples. In this fluence 

range, C6H5CH3 solid retains a high “optical quality” (high reflectivity and 

transmission) for over 200 pulses. These changes and their fluence dependence have 

been ascribed to the fact that a thermal mechanism dominates and the observed 

changes have been related to the ones observed previously in conventional 

thermogravimetric studies of C6H5CH3 up to the melting point. Once the melting 

point is reached, irradiation at higher fluences results in bubble formation peaking at ~ 

60 – 100 ns after the UV laser pulse.  

Here, we extend the previous study to the examination of the 

structural/morphological changes in the UV irradiation of bi-component systems, 

consisting of toluene and alkanes ((CH3)2O, C6H12, C10H22). In this case, elucidation 

of the morphological changes are further complicated by the possibility of segregation 

effects. Nevertheless, despite this complexity, new information may be derived. 

 

8.2 RESULTS AND DISCUSSION 

8.2.a Permanent Morphological Changes  

 
The optical quality of the as-deposited glasses (expressed by the reflection 

intensity value before irradiation) differs considerably between the systems, although 

they are formed under the same deposition conditions. The difference can be ascribed 

to the fact that the dopants differ in size and shape (and strength of interaction with 

the matrix) and, thus, they ‘disrupt’ the structure of the C6H5CH3 matrix to different 
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extent. Furthermore, segregation during deposition results in the formation of 

‘islands’ of different size for the different dopants, which, thus, results in different 

scattering of the probe beam. The optical quality of the doped glasses may affect the 

detection efficiency of the bubbles. In fact, as we have demonstrated in the previous 

chapter, bubble nucleation/formation is also much affected by the structure of the 

condensed solid, more specifically by the extent of free volume available for efficient 

vapour desorption into bubbles. However, for the (CH3)2O/C6H5CH3 and c-

C6H12/C6H5CH3 solids, the optical quality of the as-deposited solid can be lower but 

comparable to that of neat C6H5CH3 glass, whereas for the C10H22/C6H5CH3 solid it is 

significantly lower. 

 

At very low FLASER (< 10 mJ/cm2) no change in the intensity of the reflected 

probe beam is observed. For the doped systems, permanent morphological/structural 

modifications are induced at fluences well below their ablation threshold [27, 79] as 

previously observed for neat C6H5CH3 glass. Fig. 8-1 illustrates the changes in the 

specularly reflected probe beam intensity upon irradiation of the (CH3)2O/C6H5CH3 

condensed solid as a function of the number of laser pulses at various FLASER, and Fig. 

8-2 shows the changes observed for the three systems. Evidently, in the case of the 

bicomponent systems, changes are not as well defined as in the case of the neat 

toluene glass and we cannot demarcate so clearly different fluence ranges. Yet, it is 

interesting that in the case of (CH3)2O and c-C6H12 which do not compromise 

significantly the optical quality of the matrix, at low enough fluences, we find that 

irradiation in the 20-60 mJ/cm2 fluence range, optical quality is not compromised 

even after significant number of pulses, and in fact some increase of the reflectivity, 

indicative of laser annealing, is observed. In the case of the neat C6H5CH3, in the 30-

50 mJ/cm2 range, we have shown that laser irradiation results in the annealing of the 

as-deposited glass. It seems that at these fluences, the desorption of (CH3)2O does not 

disturb significantly the glass structure and, on the other hand, molecular mobility is 

rather restricted, so that segregation/aggregation effects are minimal.  

On the other hand, at higher fluences (> 50 mJ/cm2) as shown before, melting 

occurs and diffusion of the dopants (as also shown by mass spec. studies) as well as 

segregation effects become important. Indeed, optical examination of the irradiated 

solids show diffuse scattering due to various domains formed. In contrast, at these 
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fluences, for the neat C6H5CH3 glass, the decrease of the reflectivity is ascribed to 

irregularities due to multipulse irradiation. With increasing FLASER the extent of 

thermal annealing is limited by multi-pulse irradiation.  
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Figure 8-1 The permanent change of the reflected probe beam intensity after irradiation of 
the (CH3)2O/ C6H5CH3 glass with successive pulses at different laser fluences. 
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Figure 8-2 The intensity of the reflected probe beam (permanent reflectivity) that is recorded 
after irradiation of the doped glasses with successive pulses at FLASER~50-60 mJ/cm2 below 
the corresponding ablation threshold of each system (squares: ∼55 mJ/cm2, circles: 75 
mJ/cm2, triangles: 135 mJ/cm2).  
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At ~40-50 mJ/cm2 below the ablation threshold of each system, the reflectivity 

of the c-C6H12  and of the C10H22 doped glass increases only for the first ~10-20 

pulses after which it decreases sharply. In contrast, the reflectivity of (CH3)2O doped 

glass increases somewhat and remains about the same for almost 100 pulses (Fig. 8-

2). As shown before, in the case of neat as-deposited C6H5CH3 solids, in the fluence 

range of 15-30 mJ/cm2, the solid undergoes devitrification whereas in the 30-50 

mJ/cm2 it undergoes laser annealing. In fact, it retains a high optical quality even for 

irradiation with more than ~ 100 laser pulses. However, the quantitative change in the 

reflectivity/ transmission will depend on the initial structure of the deposited solids, 

which as already described, seems to differ depending on dopant, on the extent of 

laser-induced diffusivity and rearrangement for the different systems (depending on 

dopant), as well as on the extent of dopant that desorbs. Of these, (CH3)2O desorbs 

extensively (nearly 5-10 times more than C6H5CH3) at these fluences, whereas C10H22 

does not desorb at all. In the case of (CH3)2O/ C6H5CH3 system, we believe that what 

happens is that although (CH3)2O desorbs extensively, there is ample replenishment 

from the underlayers and, thus, the structure of the resolidified solid is not much 

affected (at least at fluences up to ~60 mJ/cm2). However, at higher fluences, the 

relative amount of (CH3)2O that desorbs is so high, compared to C6H5CH3, that the 

resolidified system is severely disrupted.  

On the other hand, for C10H22/ C6H5CH3 system, because of the high Cp value, 

the temperature attained at 50 mJ/cm2 is only ~200 K. Even so, we find that scattering 

of the probe beam increases sharply with successive laser pulses. This suggests that 

even at these temperatures, diffusion of C6H5CH3 is high enough to enable segregation 

effects. This is consistent with our suggestion that at the corresponding temperatures, 

toluene is best described as a supercooled liquid. 
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8.2.b Time-Resolved Examination of the Morphological Changes  

 

Time-resolved measurements of the intensity of the reflected probe beam were 

also performed upon nanosecond UV laser irradiation of the various glasses. For 

single-pulse irradiation we find: 

 

• At the corresponding ablation thresholds, a broad decrease of the reflected/ 

transmitted probe beam intensity, extending to μs time scales, is observed, upon 

irradiation of the various glasses. Clearly, this broad decrease can be ascribed to 

scattering of the probe beam by the ejected plume. There are some differences in the 

time scale of the decrease between the examined systems. In the case of neat 

C6H5CH3 and C10H22/ C6H5CH3 glasses, the decrease is limited to ~250 ns - 1 μs, 

whereas in the case of (CH3)2O and c-C6H12 dopants the peak is broader and extends 

up to the microseconds timescale (e.g. ~ 2.6 μs in the case of c-C6H12) (Fig. 8-3). 

Likely, in the systems with low cohesive energy, ejection continues for longer times, 

whereas material ejection from the system with high cohesive energy occurs only as 

long as temperature remains high enough. On the other hand, at the same FLASER 

above the ablation threshold of the doped glass, the normalized reflectivity loss (i.e., 

scattering of the probe beam by the plume) is almost the same (~80-90%) for all the 

doped glasses, and higher than that of neat C6H5CH3 glass -for the weakly-bound 

dopants-, although the mass spec examination had shown that the amount of ejected 

material decreases with increasing cohesive energy of the system (Fig. 8-4). 
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Figure 8-3. The normalized reflection signals recorded upon irradiation of the various 
systems with a single UV pulse at the corresponding ablation threshold. 
 

• At fluences below the ablation threshold, for all the systems studied, a sharp 

reduction of the probe beam intensity is observed on the nanoseconds timescale, upon 

irradiation of the as-condensed solids with a single laser pulse (Fig. 8-5). Generally, 

the signals are similar to the ones recorded upon irradiation of neat C6H5CH3 glass 

(Fig. 6-1(b)) and, accordingly, we ascribe the decrease of the probe beam to its 

scattering by bubbles. In contrast, above the ablation threshold, plume scattering is 

additionally observed, which succeeds bubble scattering. With increasing laser 

fluence, bubble scattering becomes more pronounced. The intensity of the maximum 

bubble scattering (peak) (observed at ~100-300 ns) increases with increasing fluence, 

indicating, qualitatively, that the size/number of the bubbles formed upon UV laser 

irradiation increases with fluence.   
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Figure 8-4. The normalized and non-normalized reflection signals recorded upon irradiation 
of the doped glasses with a single pulse at FLASER above their ablation threshold. Comparison 
with the signal of the neat C6H5CH3 glass irradiated at the same FLASER. 
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Figure 8-5. The normalized and non-normalized reflection signals recorded upon irradiation 
of the doped glasses with a single pulse at FLASER below their ablation threshold. Comparison 
with the signal of the neat C6H5CH3 glass irradiated at the same FLASER.  
  

   

• At very low FLASER (~80 mJ/cm2 below the ablation threshold of each system), 

the reflectivity of all the doped glasses increases, following bubble collapse, whereas 

that of neat C6H5CH3 glass is reduced due to devitrification (Fig. 8-6). The reflectivity 

of both (CH3)2O and c-C6H12 doped glasses increases rapidly within a few 

microseconds, while the reflectivity of C10H22 doped glass reaches its maximum value 

at ~ 30 μs. This suggests that the temperature attained upon irradiation of each glass at 
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very low fluences in respect to their ablation threshold, differs according to the dopant 

employed and, therefore, different morphological changes are observed. 
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Figure 8-6. Time resolved evolution of the reflected probe beam intensity recorded upon 
irradiation of the different systems with a single pulse at FLASER well below their ablation 
threshold (for ether, cHexane and decane-doped glasses FLASER: 35, 50 and 100 mJ/cm2 
respectively. For neat C6H5CH3 FLASER=20 mJ/cm2).  
 

 

• As already mentioned, (CH3)2O desorbs efficiently, in fact its intensity being 5 

-10 times higher than that of C6H5CH3. We had, thus, expected that for this system, 

bubble formation would be more pronounced than for any other system. Evidently, 

this expectation is not born out. Thus, it appears that in this case, desorption from the 

surface is competitive to bubble formation. In addition, this efficient desorption 

implies a very fast cooling of the melt, thus further limiting bubble formation (by 

C6H5CH3). The explanation we tentatively advance is that for this system of relatively 

low cohesive energy, ablation can occur at relatively low density and small size 

bubbles, which therefore are at the detection limit of our simple optical scattering 

method. It has been shown before, by Skripov and further supported by MD 

simulations, that the threshold for explosive boiling relates to the cohesive energy of 
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the system, with systems of low cohesive energy attaining explosive boiling at lower 

energies (temperatures). 

On the other hand, at fluences below the ablation threshold, the normalized 

reflectivity loss due to bubbles scattering decreases with increasing binding energy of 

the system. This is clearly shown in Fig. 8-5 where the neat C6H5CH3 glass 

normalized bubble signal reduction is higher than the one corresponding to C10H22 

doped glass and lower than the one corresponding to (CH3)2O doped glass.  In the 

case of c-C6H12 doped glass, the normalized bubble signal reduction is almost equal to 

that of neat C6H5CH3 glass.  

 

• Upon irradiation of the low cohesive energy systems at FLASER ≤ 50 mJ/cm2 

the probe beam intensity increases and obtains its maximum value a few 

microseconds after the UV pulse. 

 

We have demonstrated in the previous chapter that explosive boiling in neat 

C6H5CH3 glass depends strongly on the irradiation history of the glass, i.e. bubble 

scattering is pronounced only upon irradiation with the first pulse at fluences below 

the ablation threshold, while subsequent irradiation causes bubble scattering to be 

highly suppressed. In sharp contrast, at fluences above the ablation threshold, bubble 

scattering is detected upon irradiation with several successive pulses. We have 

indicated that this dependence is due to the fact that bubble nucleation/ growth is very 

sensitive to the glass structure. The structural modifications induced to neat glass due 

to previous irradiation, e.g. thermal annealing or devitrification, can significantly 

suppress or promote bubble formation, respectively. Thus, bubble formation upon 

multi-pulse irradiation of neat C6H5CH3 glass at fluences below the ablation threshold 

is suppressed, since in that case thermal annealing is induced upon irradiation with the 

first pulse. For investigating further the structural dependence of bubble nucleation/ 

growth, we employ multipulse irradiation of the mixtures.  

 

At fluences well below the ablation threshold of each system (e.g. ~80 mJ/cm2 

below), bubble formation is observed only in the case of the C10H22 doped glass, 

whereas hardly any bubble signal is observed upon multi-pulse irradiation of the 
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(CH3)2O and the c-C6H12 doped glass. On the other hand, at FLASER ≥100 mJ/cm2, 

bubble scattering is recorded upon irradiation with the subsequent pulses as well. The 

observation of bubble scattering upon multi-pulse irradiation even at fluences below 

the ablation threshold of the c-C6H12 doped glass (FTHR~120 mJ/cm2) indicates that 

bubble formation is possible when the optical quality of the solid is reduced (as 

illustrated by the lower reflectivity value obtained after irradiation with each pulse). 

The bubble scattering signal becomes more pronounced as the number of pulses 

increases (Fig. 8-7). 
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Figure 8-7. Time-resolved evolution of the reflected probe beam intensity recorded upon 
irradiation of c-C6H12/C6H5CH5 mixture with successive pulses at 100 mJ/cm2 (below ablation 
threshold). 
  

In the case of the C10H22 doped glass, bubble scattering is observed upon 

single pulse irradiation at ~100 mJ/cm2, whereas no bubbles are formed upon 

subsequent irradiation with more pulses. On the contrary, at FLASER 130 mJ/cm2 

bubble scattering signals are recorded upon multi-pulse irradiation with successive 

pulses. Similarly to the case of c-C6H12 doped glass, these features indicate that it is 

possible for efficient bubble formation to occur upon irradiation with successive laser 
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pulses at fluences below the ablation threshold as long as the glasses are not annealed 

(Fig. 8-8). Moreover, we find that, with increasing number of pulses, the maximum 

reflectivity reduction due to bubbles scattering becomes higher at fluences below the 

ablation threshold and lower upon irradiation at fluences above the ablation threshold.  
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Figure 8-8. The signals of the reflected probe beam recorded upon multipulse irradiation of 
the C10H22 doped glass with successive pulses at (a) 165 and (b) 100 mJ/cm2. 
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8.2.c Temperature calculations  

 

The temporal evolution of the surface temperature of neat and doped C6H5CH3 

glass can be analytically estimated by solving the heat diffusion equation under the 

boundary condition that the rate of heat loss from the surface is determined only by 

the evaporation cooling rate (i.e. desorption into the gas phase is thermodynamically 

preferable to bubble formation). 
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where T0 is the room temperature boiling point, M the molecular mass and ΔHvap is 

the enthalpy of vaporization. The subscripts 1, 2 stand for the matrix and dopant, 

respectively, x represents the molar concentration factor for each compound in the 

mixture (x1+x2=1). The maximum (surface) temperature attained at the end of the 

laser pulse is estimated to be the highest for neat C6H5CH3 glass and the lowest for the 

(CH3)2O doped glass (Fig. 8-9).  
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Figure 8-9. The maximum surface temperature attained upon UV laser irradiation of the 
studied systems (Tinitial=100 K). 
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For the mixtures the saturation pressure is given by the formula 
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and temperature and ΔHvap is the enthalpy of vaporization. In the case of a binary 

liquid the assumption of thermodynamic equilibrium specifies both the pressure and 

the composition of the vapor. The ablation threshold for each system has been 

determined previously by the comparative examination of the ejection yields of the 

desorbates, measured via mass spectroscopy, as a function of laser fluence [27-28]. 

Now, the exact melting points of the mixtures are not known, but at least for (CH3)2O 

and c-C6H12, they should be very close to that of neat C6H5CH3 (since the interaction 

of these dopants with C6H5CH3 is relatively weak). We assume that the melting point 

for the doped glass is given by DOP
melt

TOL
melt

mix
melt T

6
1T

6
5T +=   on the basis that the molar ratio of 

each dopant in the mixture is 1:5. Thus, the melting point is estimated to be reached at 

FLASER=42 mJ/cm2 for c-C6H12 doped glass (Tmelt,mix~195 K) and at FLASER=31 mJ/cm2 

for c-C6H12 doped glass (Tmelt,mix~170 K), i.e. well below the ablation threshold. At 

the ablation threshold the ‘saturation’ pressures for the mixtures are estimated to be 

~1.4 bar (Tthr~312 K) for the (CH3)2O doped glass and ~0.8 bar (Tthr~357 K) for the c-

C6H12 doped glass i.e, much higher than the background pressure in vacuum (~10-6 

mbar). Thus, the liquid represents a metastable liquid that may undergo explosive 

boiling. 

In the case of a binary liquid the assumption of thermodynamic equilibrium 

specifies both the pressure and the composition of the vapor. Assuming that every 

bubble contains the appropriate number and composition of molecules to be in 

equilibrium with the surrounding liquid and that mechanical equilibrium is satisfied 

only by the critical sized bubbles, we conclude that the rate of nucleation (Jmix) is 

given by the net rate at which critical sized bubbles add and lose molecules of the 

average gas phase composition. Thus, the rate of bubble formation in a binary liquid 

is [181] 
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where N is the number of molecules in the liquid phase, σ the surface tension, 

( )( ) sat
mixLsatL
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L
V PTPP

RT
VexpP ×⎥
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⎤
⎢
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⎡
−=  the vapor pressure inside the critical bubble and M the 

molecular mass. The second factor in the previous equation represents the desorption 

rate of the superheated binary liquid into bubbles (which is the sum of the desorption 

rates of the matrix and dopant) and depends on the temperature and the enthalpy of 

vaporization of each component in the mixture. 

The estimated surface temperature at the end of the laser pulse at the ablation 

threshold of each system increases with the binding energy of the dopant to the 

matrix, e.g. it is the lowest for the (CH3)2O doped glass and highest for the C10H22 

doped glass. The difference between the attained temperature and the saturation 

temperature defines the degree of superheating for each system upon irradiation at a 

specific FLASER. The estimated degree of superheating at the ablation threshold of each 

system is maximum for the C10H22 doped glass, while the superheating degree of c-

C6H12 is ~6 K lower than the one of neat C6H5CH3 glass and ~ 11 K lower than the 

one of (CH3)2O doped glass. This accounts for the observation that the bubble signal 

at the ablation threshold is more pronounced in the case of C10H22 doped glass (Fig. 8-

3).  

The rate of vaporization of the dopant is 
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PxR  where x1, 

x2 are the molar concentrations of the dopant and the toluene matrix in the mixture 

(ΔE represents the binding energy of the component in the condensed phase). (For the 

studied mixtures, due to the high dopant concentration, replenishment of the 

molecules vaporized into the bubble by diffusion from the bulk is not significant). 

Thus, in the mixtures with the weakly bound dopants, the bubbles are mainly 

composed of the dopant. 

Interestingly, bubble formation is also observed at fluences below the ablation 

threshold and the difference between the ablation threshold and the bubble formation 

threshold (ΔF=Fthr(ablation)-Fthr(bub.form)) increases with increasing binding energy of each 

dopant to the matrix (Table 8-1). In addition, the attained surface temperature 

difference between the two thresholds increases with increasing cohesive energy of 
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the doped glasses.  Understandably, in the case of the higher binding energy (e.g., 

C10H22 doped glass) the evaporative cooling rate (which is competitive to the rate of 

bubble formation) is lower, as it depends exponentially on the binding energy, and the 

degree of superheating attained at the glass surface is sufficiently high to promote 

bubble formation and growth, e.g.  

=> In the case of C10H22 doped glass, bubble formation is initiated at ~ 100 

mJ/cm2 and the degree of superheating is ~ 100 K. 

=> However, irradiation of the c-C6H12 and (CH3)2O doped glasses at very low 

fluences induces low superheating, thus no bubble signal is detected (Fig. 8-6). 

=> As mentioned already, the surface temperature is calculated to be lower for 

the (CH3)2O/C6H5CH3 glass than the ones doped with c-C6H12 and C10H22, due to 

efficient evaporative cooling which is more pronounced in the case of the more 

volatile dopant. Therefore, concerning the volatile dopant, bubble formation occurs at 

fluences closer to the ablation threshold (where the degree of superheating is higher) 

than in the case of the non-volatile dopant. 

=> For this reason the bubble signal of the (CH3)2O doped glass is more 

pronounced than the one of neat C6H5CH3 glass upon irradiation at the same FLASER 

(Fig. 8-5). Although for the same FLASER the surface temperature attained after the end 

of the laser pulse is higher for neat C6H5CH3 glass than it is for the (CH3)2O doped 

glass, the bubble signal is more pronounced in the latter case, since the vaporization 

rate of (CH3)2O in the mixture is higher than that of C6H5CH3 in the mixture and in 

the undoped glass. In contrast, in the systems with the strongly bound dopants, the 

growing bubbles are mainly/exclusively composed of C6H5CH3 vapor. The bubble 

signal of C10H22 doped glass is less pronounced than the one of neat C6H5CH3 glass at 

the same FLASER, because the vaporization rate of C10H22 in the mixture is negligible, 

while that of C6H5CH3 in the mixture is higher, but still almost 10 times lower than 

the one of undoped C6H5CH3. Similarly, the bubble signal of c-C6H12 doped glass is 

slightly less pronounced than the one of neat C6H5CH3 glass. 
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Table 8-1 

System1 

 

Binding 

Energy 

ETDS
1 

(kJ/mol) 

Ablation 

Threshold 

Fluence2 

(mJ/cm2) 

Fthr - Fbub 3

 

(mJ/cm2) 

Fthr – Fno
an 4

 

(mJ/cm2) 

Neat C6H5CH3 40 ± 5 100 ± 10 50 10 

(CH3)2O/ C6H5CH3 20 ± 5 110 ± 10 40 25 

c-C6H12/ C6H5CH3 33 ± 5 120 ± 10 50 50 

C10H22/ C6H5CH3 (77)a 190 ± 10 90 90 
 
1 The activation energy for desorption of the compounds as determined from fittings 
of the rising edge of the TDS curves.  
aThe C10H22 starts desorbing only at high temperatures after C6H5CH3 has largely 
desorbed. The indicated value derives from literature data based on phase equilibria of 
C10H22/C6H5CH3 mixtures [83]. 
2 Thresholds determined from Desorption Signal~ln(FLASER/Fthr)[79]. 
3 The difference between the ablation and the bubble formation threshold for each 
system. 
4 The difference between the ablation threshold and the fluence limit (Fno

an) over 
which no thermal annealing is induced for each system. 
 

8.3 CONCLUSION 

In all, different temperatures are attained upon UV laser irradiation of bi-

component molecular solids, consisting of an absorbing matrix (toluene) and non-

absorbing alkanes with varying binding energy to the matrix. The laser-induced 

morphological changes are found to depend on the initial structure of the deposited 

solids, which differs according to the dopant employed, the extent of laser-induced 

diffusivity and rearrangement for the different systems (depending on the dopant), as 

well as the extent of dopant that desorbs. 

 Laser induced annealing is observed for the low cohesive energy systems, 

whereas additional segregation effects may become significant, especially in the case 

of the strongly-bound to the matrix dopants, due to high diffusion of the matrix. For 

the weakly-bound to the matrix dopants we suggest that although they desorb 

extensively, yet there is ample replenishment from the underlayers and, thus, the 
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structure of the resolidified solid is not much affected (at least for relatively low laser 

fluences). 

Bubble formation occurs competitively with thermal desorption from the 

surface, therefore it is much affected by the binding energy of the system. Bubble 

nucleation/ growth becomes more pronounced with increasing binding energy, since, 

in this case, thermal desorption is negligible and higher temperatures are attained. 

As already discussed for the neat C6H5CH3 system bubble formation is very 

sensitive to the solid structure. Once thermal annealing is induced, bubble formation 

is significantly suppressed. Similarly, in the case of the mixtures bubble formation is 

enhanced in the systems for which annealing is minimal, eg. C10H22 and c-C6H12 

doped glasses. 
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CHAPTER 9.  LASER-INDUCED PROCESSES AND EXPLOSIVE BOILING IN 

THE IRRADIATION OF SOLUTIONS OF NANOPARTICLES 

 

9.1 INTRODUCTION 

In this chapter, we rely on optical techniques for examining bubble formation 

and laser-induced processes in the irradiation of nanoparticles within aqueous 

solutions. However, as compared to most previous relevant studies, this work focuses 

on the processes induced upon irradiation of polymeric rather than metallic 

nanoparticles. The reasons for this choice are manifold, but the main one being the 

possibility of examining the influence of photochemically produced gas release on 

bubble nucleaction/growth.  

As described previously, the bubbles formation and growth mechanism(s) 

remain still largely unknown. Presumably, the presence of small quantities of gas (e.g. 

dissolved ambient gas) in H2O and other liquids is responsible for the low tensile 

strength measured for liquids under ambient conditions, presumably because they act 

as heterogeneous nuclei for bubble formation. Yet, all evidence in support of this 

relies on experiments/ experience obtained entailing macroscopic bubbles. On the 

other hand, recent experiments entailing nanobubbles indicate that things are much 

more complicated than that. Irradiation of polymer nanoparticles at low enough 

fluences can be used for attaining controlled release of very small quantities of gases 

so as to check the validity of this assumption.  

The use of nanostructures provides a convenient approach for studying in 

detail various aspects of bubble nucleation and formation. To this end, we present 

here preliminary studies of bubble formation in the irradiation of metallic and 

polymeric nanostructures/ spheres. The reasons for examining polymeric 

nanoparticles are: (1) in their case, photochemically as well as photothermally 

induced gaseous product formation is expected. Thus, in their case, bubble formation 

can be initiated by approaches/ pathways that do not occur in the case of metallic 

nanospheres. Comparison of bubble formation in the irradiation of metallic and 

polymeric nanoparticles can provide further information about bubble formation such 

as the influence of surface, of the nucleation size, etc. (2) The second important factor 
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is that ablation/ fragmentation of polymer/ organic nanoparticles involves processes 

(e.g. photochemical ones) that are not operating in the case of the metallic 

nanoparticles. PS nanoparticles can be monitored by laser-induced fluorescence, thus 

we can, in parallel, monitor the (photo)chemical modifications that they undergo. (3) 

An addditional reason for our interest in the irradiation of polymer nanoparticles is to 

examine if the ablation of nanoparticles presents any particularities as compared with 

the ablation of bulk systems. 

  

9.1.a. Laser-Induced Morphological Changes of nanoparticles in solutions 

 

Silver and gold nanoparticles show significant photoactivity and undergo 

morphological changes under laser irradiation [182-184]. While these fragmentation 

and photofusion processes are found to be biphotonic and require high-intensity laser 

excitation, simple shape changes can also occur upon low intensity excitation. Briefly, 

the observed photoinduced morphological changes include the phenomena presented 

below. 

 

Photofragmentation of Nanoclusters. The absorption spectrum of the silver 

colloids of facetted silver nanocrystals (particle diameter 40-60 nm) shows a surface 

plasmon absorption band with a maximum around 420 nm. This absorption band is 

rather broad and red-shifted compared to the plasmon absorption band of spherically 

shaped silver colloids. The surface plasmon absorption in the metal nanoparticles 

arises from the collective oscillations of the free conduction band electrons that are 

induced by the incident electromagnetic radiation. Such resonances are seen when the 

wavelength of the incident light far exceeds the particle diameter. The 355 nm laser 

pulse excitation of the silver nanocrystals induces a blue shift in the absorption 

spectrum and, in parallel, a narrowing of the surface plasmon band and an increase in 

the magnitude of absorption. These changes in the absorption spectrum are indicative 

of a decrease in particle diameter. Transmission electron microscopy examination 

demonstrates that the 40-60 nm silver particles fragment upon irradiation to produce 5 

nm diameter particles. The photofragmentation of silver colloids can be probed by 

time-resolved transient absorption experiments in a picosecond laser flash photolysis 

apparatus. The transient absorption spectra recorded show transient bleaching at the 

surface plasmon band (400 nm) at early times, but at longer delay times increased 
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absorbance in the red region is observed. These transient absorbance changes are 

consistent with fragmentation of larger silver nanocrystals to smaller ones. The 

transient intermediate of the fragmentation process, which is monitored at 600 nm, 

shows a growth time of 1.5 ns. This transient is essentially an aggregate of smaller 

clusters that are in close proximity. This transient aggregate then dissociates to 

generate stabilized smaller Ag nanoclusters. The 14.2 ns decay component of the 

transient absorption at 600 nm corresponds to the time frame with which the 

fragmented clusters stabilize in solution.  

In another study, when gold particles were irradiated at ~532 nm, their 

diameter was reduced from several 10s nm to less than 20 nm. In parallel, the shape of 

the particles, originally nonspherical, became spherical. This phenomenon was limited 

to pulsed laser irradiation, and is caused by the heating of the particles within the very 

short time of laser irradiation.  

 

Photofusion of Metal Nanoclusters. A different scenario becomes evident if 

metal nanoparticles exist in the form of aggregates. Surface neutralization of citrate-

stabilized gold nanoparticles with thiols readily yields clustered aggregates with broad 

absorption in the infrared. For example, the purple-colored gold colloidal solution 

turns blue as we add small amounts of thionicotinamide (TNA). Upon laser pulse (532 

nm) irradiation of TNA-capped gold nanoparticle suspension for few minutes, the 

ruby-red color is restored as the aggregates fuse to form larger segregated spherical 

particles. El Sayed and co-workers [185-187] have observed laser-induced melting of 

gold nanorods into spherical particles. 

 

In comparison with the extensive studies on the photophysics and 

photodynamics of metallic nanoparticles, work on the photophysics/photochemistry 

of polymeric nanoparticles is nearly non-existent. The only relevant study appears to 

be the use of irradiation at 193 nm of polystyrene nanospheres in the gas phase to 

produce particles with a controlled size and morphology [188]. Laser fluences up to 

about 0.14 J/cm2 photofragment nearly monodisperse 110 nm spherical polystyrene 

particles. The size distributions before and after irradiation are measured with a 

scanning mobility particle sizer (SMPS), and the morphology of the irradiated 

particles is examined with a transmission electron microscope (TEM). The results 

show that the irradiated particles have a smaller mean diameter (25 nm) and a number 
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concentration more than an order of magnitude higher than nonirradiated particles. It 

was suggested that the particles are formed by nucleation of gas-phase species 

produced by photolytic decomposition of nanospheres. A nondimensional parameter, 

the photon-to-atom ratio (PAR), is used to interpret the laser-particle interaction 

energetics. 

 

9.2 EXPERIMENTAL 

Aqueous solutions of PS and of Au chloride nanospheres of different sizes 

were purchased from G. Kisker-Products for Biotechnology. The concentration was 

10 mg/ml and 0.1 mg/ml, respectively. For the experiments, the concentration was 

further reduced by dilution with apionized water. Before every experiment the 

solutions are thoroughly stirred for ~15 min, in order to avoid coagulation of the 

particles. 

For the optical/ scattering experiments a simple set up similar to that used for 

monitoring bubble formation in cryogenic films has been used. Briefly, the output of a 

KrF excimer laser (Lambda-Physik Compex, λ=248 nm, τpulse ∼ 30 ns) is weakly 

focused (≅ 5x10-2 cm2) normally on the 0.1 cm cuvette which contains the solution. 

The reported UV laser fluences are uncorrected for scattering-reflection losses at the 

solid surface. For monitoring the laser induced morphological changes, a HeNe laser 

(Uniphase model) beam is shaped and focused within the UV irradiated film area at 

~100 relatively to the normal to the substrate.The employed HeNe laser has an output 

of 15 mW. The transmitted probe beam is defined by an iris and is monitored by 

photomultiplier tube (Hamamatsu, model H6780) coupled with an amplifier 

(Hamamatsu, M8879) and a digital oscilloscope (Le Croy 500 MHz).  
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9.3 RESULTS AND DISCUSSION 

9.3.a. Au nanoparticles in aqueous solution 
 

The interaction of laser light with metal nanoparticles has been extensively 

studied in the literature [189]. The canonical picture of the photophysics of these 

systems is that light excites electrons, which subsequently relax by electron-electron 

scattering to give a hot electron distribution. The hot electrons then equilibrate with 

the lattice by electron-phonon coupling. This sequence of events is identical to what 

happens in bulk metals. In bulk metals, the energy deposited by the laser diffuses 

away from the excitation region in a way that depends on the thermal conductivity of 

the metal. On the contrary, for particles, the final step in the relaxation process is 

transfer of energy from the hot electron/phonon system to the environment. The time 

scale of the particle-to-surroundings energy transfer is very important for core-shell 

particles applications and is not very well understood. Recent studies [190] have 

shown that the surroundings influence relaxation, i.e. liquids with higher thermal 

conductivities give faster relaxation times. In our experiments the Au nanoparticles 

are stabilized by chloride anions, so we do not expect surface chemistry to play a 

significant role in the relaxation process. On the other hand, we expect the smaller 

particles to relax faster, because of their larger surface-to-volume ratio. 

 

The absorption spectra of the Au nanoparticles are found to differ drastically for 

particles of different sizes (Fig. 9-1). All sizes present a surface plasmon resonance 

peak at ~500-600nm.  The peak is more pronounced for the 50 nm particles. The 

absorption of the particles at 248 nm is higher for the 50nm and 15nm particles than 

the larger particles. 
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Figure 9-1. The absorption spectra of Au nanoparticles of different sizes in aqueous solution 
(0.1 mg/ml). 
 

Upon UV laser (248nm) irradiation of the Au nanoparticles at FLASER≤ 400 

mJ/cm2 we find that for the same laser fluence, the larger size nanoparticles fragment 

at lower fluences and with fewer pulses than the smaller ones. For example, 

Transmission Electron Microscopy (TEM) images show that the size of the 15nm 

particles remains the same upon irradiation with a single pulse at ~ 200 mJ/cm2, 

whereas the size of the 50 nm particles decreases up to ~30nm, when they are 

irradiated under the same conditions (Fig. 9-2). The reduction of the particles 

diameter is also evidenced by the blue shift of the surface plasmon resonance (SPR) 

peak in the absoption spectrum of the nanoparticles, while no such shift is observed in 

the case of the 50nm particles (Fig. 9-3 and Fig. 9-4). Furthermore, there is an 

additional reduction in the oscillator strength of the SPR band for the 50nm particles.   
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Figure 9-2. TEM images of the 15nm (1st row) and 50nm (2nd row) Au particles, recorded 
before [(a), (c)] and after [(b), (d)] irradiation with a single pulse at ~ 200 mJ/cm2.  
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Figure 9-3. The absorption spectra of 15nm Au particles in water before and after irradiation 
with a single pulse at ~ 200 mJ/cm2.  
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Figure 9-4. The absorption spectra of the 50nm Au particles aqueous solution (0.1 mg/ml) 
recorded (a) before and after irradiation with a single pulse (b) at ~ 100 mJ/cm2 and (c) at ~ 
200 mJ/cm2.  
 

Examination of the laser-induced morphological changes is accomplished by 

monitoring the changes in the intensity of a probe HeNe laser beam, which passes 

through the sample. In the following, we present the results for the 15nm and 50nm 

particles, for which the absorbance at the probe beam wavelength (633nm) is minimal 

(Fig. 9-1). Taking into account that the sample is a solution and that only a small 

volume of it is irradiated, we understand that it is difficult to detect permanent 

changes due to laser irradiation. Nevertheless, time-resolved examination shows that 

different morphological changes occur on various timescales. Although similar 

changes are observed for the different particle sizes, the laser fluence threshold, below 

which no change is observed, increases for the lower-size particles. 

 

Generally, at FLASER≥60 mJ/cm2 a sharp reduction of the transmitted probe beam 

intensity is observed on the nanoseconds timescale, which is ascribed to scattering 

from bubbles formed within the liquid (Fig. 9-5). Similar signals are observed in the 

case of the cryogenic solids (Chapter 6) and also reported in the literature [191-192]. 

In particular, upon single-pulse irradiation of the 15nm Au particles in water, we find 

that bubble formation (max. scattering observed at ~ 100ns) is initiated at FLASER≥70 

mJ/cm2 and that it becomes more pronounced with increasing fluence. For relatively 
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low laser fluences the transmissivity of the solution is re-obtained a few hundreds of 

ns after the UV pulse. However, at FLASER~400 mJ/cm2 the scattering lasts for 

hundreds of nanoseconds and the system ‘relaxes’ to its initial state a few 

microseconds after the UV pulse. The higher the FLASER, the longer it takes (from 1 to 

several μs) for the probe beam intensity to regain its initial value (Fig. 9-6). The 

relaxation time of the solutions is not found to depend particularly on the size of the 

particles. Interestingly, at the higher fluences range, a second signal peak is observed, 

having the max. scattering occuring at ~1.5-2 μs. The amplitude of this reduction 

increases with FLASER. For all fluences tested, no signal was recorded featuring the 

probe beam intensity to decrease on the μs timescale without first decreasing on the ns 

timescale. Therefore, the existence of an intense bubble peak at high fluences leads to 

the appearance of a second scattering event on the microseconds timescale. Similar 

changes are observed upon irradiation of the 50nm particles as well. The only 

difference is that the bubble formation threshold is a little higher (~ 100 mJ/cm2) upon 

irradiation of the 50nm particles. 
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Figure 9-5. The signals recorded upon irradiation of the 15nm Au particles in aqueous 
solution (0.1 mg/ml) with the first pulse at the indicated laser fluences.  
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Figure 9-6. The signals of the transmitted probe beam intensity recorded upon irradiation of 
the 15nm Au aqueous solution (0.1 mg/ml) with the second pulse at the indicated laser 
fluences.  
 

On the other hand, upon irradiation with successive pulses at FLASER≥70 mJ/cm2 

the bubble signal peak amplitude becomes less pronounced and the time for the 

maximum scattering decreases, presumably due to the parallel reduction of the 

absorbance of the nanoparticles at 248nm (Fig. 9-7). Both the maximum intensity 

reduction observed at ~ 1.5-2 μs and the time required for the probe beam intensity to 

re-obtain its initial value (before irradiation) decrease with the number of pulses. 

These features become more pronounced with increasing laser fluence. We note that 

similar signals are recorded upon irradiation of the Au nanoparticles with Nd:YAG 

laser pulses at 532 nm (Fig. 9-8).  

Similar changes are observed in the case of the 50nm particles (Fig. 9-9). The 

absorption spectra recorded before and after irradiation of the solutions with 

successive pulses show no significant change for the 15nm particles, as far as the SPR 

band is concerned. On the contrary, upon irradiation of the 50nm particles, under the 

same conditions, major changes in the absorption spectra are observed (Fig. 9-10), 

which can be attributed to the fragmentation of the particles (Fig. 9-11). Once 

fragmented, the particles scatter the probe light much less and, as a result, the 

transmission should permanently increase. However, such a change cannot easily be 

 170



detected, since only a small portion of the solution’s volume is irradiated and, 

therefore, the fragmented particles are diffused inside the solution.  
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Figure 9-7. The signals of the transmitted probe beam intensity recorded upon irradiation of 
the 15nm Au particles in water (0.1 mg/ml) with successive pulses at ~ 100 mJ/cm2. The inset 
shows the absorption spectra recorded before and after irradiation. 

 

0 2 4 6 8

700

800

900

1000

1100

1200

lrradiation @ 532 nm
FLASER=300 mJ/cm2

2nd pulse

 

 

T
ra

ns
m

is
si

on
 (a

rb
. u

.)

Time (μs)

1st pulse

15nm Au particles in water

 
Figure 9-8. The signals of the transmitted probe beam intensity recorded upon irradiation of 
the 15nm Au particles in water (0.1 mg/ml) with 532nm pulses at ~ 300 mJ/cm2.  
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Figure 9-9. The signals of the transmitted probe beam intensity recorded upon irradiation of 
the 50nm Au aqueous solution (0.1 mg/ml) with successive pulses at 200 mJ/cm2.  
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Figure 9-10. The absorption spectra for the 50nm Au particles solution (0.1 mg/ml) recorded 
upon irradiation with successive pulses at ~200 mJ/cm2. 
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Figure 9-11. TEM images of the 50nm Au particles recorded (a) before and (b) after 
irradiation with 500 pulses at ~ 200 mJ/cm2.  
 

 

9.3.b. PS nanoparticles in aqueous solution 
 

In the irradiation of the polystyrene particles, as compared to metallic 

nanospheres/ particles, we expect in addition the following processes/ changes: (1) PS 

may dissociate to form volatile products (in particular, benzene and/ or styrene). In 

bulk, these products are liquid at room temperature, but in monomer form, since they 

are not dissolvable in H2O, they will be in gaseous form. (2) the liberation of these 

products will result in bubble nuclei that may promote bubble nucleation/ growth of 

the heated nearby H2O. (3) as compared to metallic nanoparticles, the composition 

changes with successive laser pulses; plus they can undergo fragmentation at lower 

fluences (of course, also, the dependence of absorptivity on particle size differs).  

The absorption spectra of the PS nanoparticles are found to differ drastically for 

particles of different sizes (Fig. 9-12). The spectrum of 385nm particles presents a 

peak at 250nm and its absorbance at λ>230nm is higher than the rest of the particles, 

which is likely a result of enhanced (Mie-type) optical scattering. The 194 nm 

polystyrene spheres also exhibit an intensive band with an absorbance maximum at 

228 nm. The 15nm and 46nm spheres present almost identical absorption spectra. 

Their absorbance at 248nm is lower than the one of the 801nm and 194nm spheres, 

but it is higher than the absorbance of 96nm and 25nm particles. 
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Figure 9-12. The absorption spectra of PS nanoparticles in aqueous solution (0.062 mg/ml). 

 

For metallic nanoparticles, the dependence of the absorptivity on size is 

determined by quantum effects, at least for small enough particles. In the case of 

molecular particles, no such dependence is expected. For non conjugated systems, 

absorptivity should scale as the number of chromophores: i.e. 
3

3 44 #  of monomers =  gr100 
mole

m Rm V R
V

ρ πρ ρ ρ π ⋅
= ⇒ = ⋅ = ⋅ ⇒         ⇒ for solutions 

of the same mass concentration, absorptivity should be the same particles
particles

N
N

α⎛ ⎞
×⎜ ⎟⎜ ⎟

⎝ ⎠
. 

However, as shown experimentally, absorptivity is strongly dependent on the particle 

size. The exact factor for this has not been addressed and is not presently clear. A 

complicating factor is, of course, that the light scattering properties (intensity) also 

changes with size, thus complicating quantification of the actual absorptivity through 

simple light transmission measurements. The other complicating aspect is that the 

polystyrene particles, have various ionic units on the outer sphere to enable/ permit 

their dissolution in aqueous solvent. These may likely affect the electronic structure 

and the absorptivity of PS. Clearly, with decreasing PS particle size, the contribution/ 

influence of the surface groups will be enhanced and alter the absorptivity of the 

particles. 
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A significant problem in the estimation of the attained temperatures in the 

particles relates to the fact that the laser pulse width is not too short to assume 

‘instantaneous’ heating of the nanoparticles, but neither too long to assume the 

attainment of a homogeneous (equilibrium/ steady state) temperature distribution. 

Specifically, the time for equilibration within the nanoparticles is
2

4 polystyrene

R
D

; where 

equilibration (heat diffusion) to the surrounding water is determined by 
2

2

~
4 H O

R
D

τ  

[for water D~1.37x10-7 m2s-1], thus, for the 15nm size particles, the corresponding 

time is ~0.1ns, whereas for the 385nm and 801nm (in diameter) particles, these times 

are ~67ns and ~290ns respectively. Therefore, for the PS particles with sizes<100nm 

the time for heat equilibration within the particle and for heat diffusion to the water is 

a lot shorter than the laser pulse width (~30ns). This means that the temperature inside 

the nanoparticle is nearly uniform over the whole particle at the timescale of the laser 

pulse duration.  

 

Upon UV (248 nm) laser irradiation of PS solutions at very low fluences, no 

change in the temporally-resolved transmitted probe beam is observed. At higher 

fluences, however, well-defined and distinct changes are observed in different fluence 

ranges. The temporally-resolved signals (Fig. 9-13) are very similar to the ones 

recorded upon irradiation of the Au nanoparticles (Fig. 9-5). The peak amplitude, 

observed on the ns and microseconds timescale, decreases with the number of pulses 

and so does the time of the maximum reduction. This trend becomes more 

pronounced with increasing laser fluence. 

We find that the minimum fluence (Fmin) required to cause the reduction of the 

transmitted probe beam intensity (ascribed to bubbles scattering) differs according to 

the size of the particles examined (Fig. 9-14). Most importantly, Fmin does not 

correlate with the absorption coefficient of the solutions. In particular, Fmin is the 

same for the solutions that differ considerably in their absorbance at 248 nm (e.g. for 

the 96nm and 194nm particles). On the other hand, for the 46nm solution Fmin is half 

the one for the 96nm solution, although its absorbance at 248nm is higher than the 

absorbance of the 96nm solution.  
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Figure 9-13. The signals of the transmitted probe beam intensity recorded upon irradiation of 
the solution (0.124 mg/ml) with a single pulse at the indicated laser fluences.  
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Figure 9-14. The minimum laser fluence employed, at which the transmitted probe beam 
intensity is reduced on the ns timescale (~60-300 ns) for the indicated sizes of the PS 
nanoparticles.  
 

Interestingly, the bubble signal, recorded upon single-pulse irradiation, becomes 

more pronounced with decreasing the concentration of the nanoparticles in the 

solution (Fig. 9-15). This means that the bubbles are not formed on the surface of the 

particles, because, in that case, we would expect the bubble signal to increase with 

increasing concentration. Furthermore, for lower concentrations of the nanoparticles 
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in the solution, the free volume is larger and, thus, bubble nucleation/ growth is 

promoted.  Therefore, it is more likely that bubble formation and growth occurs in the 

solvent (water) and depends critically on the temperature of the solvent. 

The absorbance of the PS solution at 248nm increases upon irradiation with 

successive pulses, which means that if the reduction of the transmitted probe beam 

intensity is indeed attributed to bubble formation, then, due to the temperature 

increase, the bubble signal would become more pronounced with successive pulses. 

However, the bubble signal becomes less pronounced with increasing number of 

pulses. Taking into account that the PS nanoparticles photodissociate upon UV laser 

irradiation [188], then it is clear that the increase in the absorption coefficient of the 

solution is attributed to the photoproduct formation. The photoproducts are released in 

the form of gases and this is evident by the fact that permanent bubbles, large enough 

to be observed even with bare eyes, are formed in the solution after irradiation with 

many pulses (Fig. 9-16).  
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Figure 9-15. The signals of the transmitted probe beam intensity recorded upon single-pulse 
irradiation at 100 mJ/cm2 of the 15nm PS particles in aqueous solutions of different 
concentrations.  
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Figure 9-16. Bubbles formed upon irradiation of the whole volume of the 15nm PS particles 
solution with 2000 pulses at 100 mJ/cm2.  
 

Consequently, the increase in the absorbance is ascribed to Mie-type scattering 

from the permanent bubbles, containing gaseous photoproducts, which are formed 

upon multipulse irradiation of the PS solutions, and is not an actual increase of the 

absorption coefficient. However, the presence of these photoproduct-containing 

bubbles does not seem to promote bubble formation/ growth, since the bubble signal 

peak decreases upon irradiation with successive pulses. This behaviour may be 

attributed to the lack of sufficient transfer of heat from the nanoparticles to the 

solvent, due to the presence of photoproducts that do not absorb at 248nm. 

Comparison of the signals recorded upon irradiation with the first pulse under the 

same conditions of both PS and Au solutions shows that the efficiency of bubble 

formation is almost the same (Fig. 9-17). There are some differences, but they range 

within the experimental error limits. 
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Figure 9-17. The absorption spectra of (15nm) Au and PS aqueous solutions. The inset shows 
the % transmission reduction, observed on the ns timescale upon irradiation (under the same 
conditions) of both solutions as a function of laser fluence. 
 

Similar changes are observed for the PS solutions of larger size particles as well. 

However, upon irradiation of the 194nm particles with the second pulse, a sharp 

intensity reduction occurs at ~40 ns, which becomes more pronounced with extensive 

irradiation (Fig. 9-18).  This means that since the amount of photoproducts is 

expected to grow higher upon multipulse irradiation, the 40ns peak probably 

represents scattering from the bubbles formed by the gaseous photoproducts. The 

characteristic ~40ns peak is observed at lower fluences as well, but after multipulse 

irradiation. It is possible that at high fluences photoproduct formation is much more 

efficient than it is at lower fluences, and therefore, the peak observed at ~ 40 ns is due 

to scattering from bubbles formed by photoproducts, while the peak observed at ~ 

130-150 ns is due to bubbles formed by fast heating/ explosive boiling. In addition, 

the 40ns peak is not observed upon irradiation of the Au particles, for which no 

photoproduct formation has been reported. Consequently, we conclude that the 40ns 

peak is attributed to bubbles formed by the gaseous photoproducts.         

Moreover, after irradiation with the first pulse, the irradiated area becomes 

more transparent in the VIS (Fig. 9-19). This is indicative of the fact that the particles 

are fragmented, since scattering is reduced. Furthermore, upon irradiation with many 
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pulses permanent bubbles are formed, large enough to be seen with the human eye. 

The reason why such fast (~40ns) bubble formation/ growth is not observed for the 

smaller sizes of PS particles should be investigated in the near future. It is worthwhile 

to mention that upon irradiation of 385nm PS particles at ~ 250 mJ/cm2, the 

transmitted probe beam intensity increases at ~ 1μs and ~2.5 μs, presumably due to 

fragmentation (Fig. 9-20).  
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Figure 9-18. The signals of the transmitted probe beam intensity recorded upon irradiation of 
the 194nm PS particles in water (0.124 mg/ml) with successive pulses at ~360 mJ/cm2. 
 

Figure 9-19. Pictures of the irradiated area before and after irradiation of the 194nm PS 
particles with successive pulses at ~360 mJ/cm2. 
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Figure 9-20. The transmitted probe beam intensity recorded upon irradiation of the 385nm PS 
particles in water (0.124 mg/ml) with the second pulse at ~250 mJ/cm2. 

 

Upon multipulse irradiation of the PS particles of diameter larger than 100nm, 

we find that both the 40 ns peak and the 130-250 ns peak become more pronounced as 

the number of pulses increases. On the contrary, for the particles with diameter in the 

15-100 nm range the bubble signal is found to decrease with increasing number of 

pulses (Fig. 9-21). The fact that the signal increases with the number of pulses only 

for the larger nanoparticles could mean that photoproduct formation is much more 

efficient upon irradiation of the larger nanoparticles, whereas it is less pronounced in 

the case of the smaller nanoparticles. Interestingly, although with increasing number 

of pulses the absorbance of the 385nm particles (at 248nm) decreases, yet, the bubble 

signal increases. This is probably attributed to the permanent bubbles, which may act 

as nuclei centers, thus promoting bubble formation.  
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Figure 9-21. The transmitted probe beam intensity recorded upon irradiation of (a) 46nm PS 
particles in water (0.124 mg/ml) and (b) 385nm PS particles in water (0.124 mg/ml) with 
successive pulses at ~250 mJ/cm2. 
 

Interestingly, the signals recorded upon irradiation of two 385nm PS solutions 

of different concentrations present several differences. The signal recorded upon 

irradiation of the two solutions with the first pulse at the same FLASER are plotted in 

Fig. 9-22. The transmitted probe beam reduction caused by scattering both from the 
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photochemically-induced bubbles (~ 40 ns) and the thermally induced bubbles (~ 100-

150 ns) is higher in the case of the lower concentration solution. On the contrary, the 

signal recorded in the case of the higher concentration solution presents a sharp 

reduction of the transmitted probe beam intensity at ~ 40 ns, which is followed by an 

increase of the intensity at ~100 ns. The low concentration solution includes half the 

number of the nanoparticles/cm3. The fact that the signal is lower in the case of the 

higher concentration solution suggests that the bubbles are formed in the water and 

not on the surface of the nanoparticles. Qualitatively, we suggest that the number and 

size of bubbles is higher for the low-concentration solution. Furthermore, the 

transmitted probe beam increase observed at ~ 100 ns for the high concentration 

solution may be caused by laser-induced fragmentation of the nanoparticles. The 

reason that it is not observed for the low-concentration solution may be related to the 

fact that the scattering from bubbles is so strong that masks out/ exceeds the 

transmission increase due to fragmentation. In both cases, the intensity returns to its 

initial value a few μs after the UV pulse.The pulse dependence characteristics of the 

signals are similar for both cases. 
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Figure 9-22. The signals of the transmitted probe beam intensity recorded upon irradiation of 
the 385nm PS solution (of different concentrations) with the first pulse at ~250 mJ/cm2. 
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The fact that the intensity reduction (observed at ~ 40ns) precedes the intensity 

increase (observed at ~ 100ns) (Fig. 9-22) indicates that first the photoproducts are 

released and captured within bubbles and then the smaller new nanoparticles (after 

fragmentation) are formed. This argument is in agreement with the study of Choi et al 

[188], at which PS nanospheres are irradiated with UV (193 nm) nanosecond pulses. 

They suggest that irradiation of ~110 nm nanospheres leads to photochemical 

disintegration of the nanospheres into gas phase species, rather than significantly 

increasing the particles temperature. Those gas phase species, which are mainly 

styrene monomers, subsequently nucleate to form new particles. This means that 

nucleation into nanoparticles occurs after the release of the gases due to 

photochemical bond breaking through electronic excitation. 

 

 
It would be very interesting to determine the ablation threshold of the 

nanoparticles and its possible dependence on the size of the particles. First, we need to 

specify what exactly we mean by the term ‘ablation’ of the nanoparticles. In the bulk, 

we mean the removal/ ejection of the material in the gas phase. But how do we realize 

ablation on the nanoscale? Is fragmentation of the nanoparticles considered to be a 

part of the ablation process? How does the ablation threshold relate to the size of the 

nanoparticles? Of course, a lot of different experiments need to be carried out in order 

to answer all those questions. 

For our study we need, as a first step, to clarify whether the recorded signals 

of the transmitted probe beam are caused by laser ablation or not. Since laser ablation 

of the nanoparticles would cause the probe beam to scatter, which would lead to the 

reduction of the probe beam intensity, it is important to specify, if possible, the 

ablation threshold of the nanoparticles. The simplest experiment to do is to irradiate 

the free surface of the solution and monitor the scattering of a probe beam passing 

parallel to (and at a very small distance from) the irradiated surface.  

Fig. 9-23 shows that the probe beam is scattered on the microseconds 

timescale due to material removal from the 801nm PS particles for FLASER≥400 

mJ/cm2. With increasing FLASER the signal becomes broader and higher in amplitude 

and the time of the maximum reduction increases (from ~16 μs to ~ 55 μs). This 

means that the amount of the material ejected increases with laser fluence. The 

ablation threshold of the 801nm PS solution lies probably between 300 and 400 
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mJ/cm2. This result suggests that the reason that the intensity of the transmitted probe 

beam does not obtain its initial value upon irradiation of the solution at ~360 mJ/cm2 

(Fig. 9-24) is because ablation is taking place. 
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Figure 9-23. The signals of the transmitted probe beam intensity recorded upon irradiation of 
the free surface of the 801nm PS solution with a single pulse at the indicated laser fluences. 
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Figure 9-24. The intensity of the transmitted probe beam recorded upon irradiation of the 
801nm PS solution with the fourth pulse at the indicated fluences.  
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However, one would claim that the beam is scattered due to the ejection of 

molecules originating from the solvent and not from the nanoparticles. Although 

water does not absorb at 248 nm, it is possible for water molecules to be evaporated 

due to the increase of the temperature in the solution. Furthermore, one can argue that 

maybe there is material removal below ~ 400 mJ/cm2, but its size is very small to be 

detected via scattering (i.e. smaller than our techniques’ detection limit: ~65-75 nm). 

Nevertheless, since the maximum transmitted probe beam intensity reduction 

is on the ns and not on the μs timescale, we can at least be sure that the signals 

recorded for FLASER ≤ 300 mJ/cm2 do not represent scattering from the ejected 

material. However, there is a reduction peak of the transmitted probe beam intensity 

at ~ 1-2 μs but it always follows the reduction observed on the ns timescale, so we 

assume that it must be related to bubble dynamics/ kinetics within the solution (since 

both changes present similar pulse dependence characteristics) e.g. it could be related 

to pressure generation inside the liquid due to bubble collapse. 

 
 

 

9.4  CONCLUSIONS 

 
In all, similar morphological changes are observed for both Au and PS 

nanoparticles solutions for all the sizes studied. Distinct morphological changes occur 

in different fluence ranges. At relatively low fluences bubble nucleation/ growth is 

observed on the nanoseconds timescale, which becomes less pronounced upon 

multipulse irradiation. At intermediate fluences bubble formation is followed by a 

secondary scattering event, occurring at ~ 1-2μs, the origin of which remains to be 

defined. At higher fluences bubble formation is followed by fragmentation. In 

addition, for the PS particles bubble formation due to nucleation of gaseous 

photoproducts is observed. For PS particles with sizes 15-100nm, bubble nucleation 

occurs on the same timescale it does in the Au nanoparticles solutions. However, for 

sizes >100nm bubble formation in the PS solutions is more pronounced and occurs 

~100ns earlier than it does for the smaller PS particles solutions. In general, it seems 

that for the fluences employed (≤400 mJ/cm2) in our study, laser-induced 

morphological changes are more pronounced for the particles with diameter larger 

than 100nm.    
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